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forms  of  sodium  and  other  meteor  metals  should  be  performed. 

e)  Investigation  of  heterogeneous  loss  processes  for  gaseous  meteor  metals  are 
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EXECUTIVE  SUMMARY 


The  reactions  of  metallic  species  Introduced  Into  the  atmosphere  by 
meteor  ab^tlon  may  play  a  significant  role  In  the  chemistry  of  the  lower 
thermosphere  and  upper  stratosphere.  The  work  described  In  this  report 
summarizes  a  series  of  experimental  rate  constant  measurements  for  reactions 
pertinent  to  these  atmospheric  regions. 

Prior  to  this  work,  virtually  no  direct  kinetic  parameters  had  been 
measured  for  the  reactions  of  alkalis,  and  In  particular  sodium,  which  are 
believed  to  occur  between  30  and  100  km  In  altitude.  Model  predictions  of 
excited  sodium  emissions,  expected  concentration  levels  of  the  various  alkali 
species,  and  the  potential  Impact  of  alkali  chemistry  on  the  ozone  balance  all 
depended  on  theoretical  estimates  of  reaction  rate  constants  and  product 
branching  ratios. 

Using  a  high  temperature  fast  flow  reactor  and  a  variety  of  atomic  and 
molecular  species  source  and  detection  techniques,  wi  have  measured  rste 
constants  for  over  a  dozen  reactions.  The  results  of  these  measurements  lead 
to  the  following  conclusions: 

a)  Below  85  km,  the  prime  reaction  for  removal  of  atomic  sodium  Is  the 
termolecular  reaction  with  O2  to  form  Na02,  not  the  reaction  with  ozone 
as  had  been  previously  believed. 

b)  The  major  alkali  species  which  leaves  the  mesosphere  Is  most  likely  Na02 
or  NaOH,  but  not  NaO. 

c)  In  the  upper  stratosphere.  It  Is  possible  that  alkali  reactions  have  a 
significant  effect  on  the  concentration  of  ozone.  The  reactions  of  NaO, 
NaOH,  and  Na02  with  HCl  are  all  very  rapid,  leading  to  the  formation  of 
NaCl,  which  subsequently  photodlssoclates.  The  rates  of  these  processes 
are  such  that  sodium  can  act  as  a  catalytic  agent  In  the  release  of  free 
chlorine,  which  then  attacks  ozone. 

d)  More  detailed  In  situ  atmospheric  measurements  of  both  atomic  and 
molecular  forms  of  sodium  and  other  meteor  metals  should  be  performed. 

e)  Investlgstlon  of  heterogeneous  loss  processes  for  gaseous  meteor  metals 
are  recosunended. 
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1.  OBJECTIVE 


1 . 1  Introduction 

Metallic  elements  volatilized  during  meteor  entry  into  the  Earth's  upper 
atmosphere  play  a  significant  role  in  the  structure  of  the  D  and  E  regions  of 
the  ionosphere,  ~  and,  at  least  in  the  case  of  sodium,  the  visible  day  and 
nightglow  emissions  from  the  mesosphere  and  lower  thermosphere.^^  Recently, 
it  was  suggested  that  sodium  and  other  meteor  metals  may  be  important  in 
stratospheric  chemistry  by  affecting  ozone  reduction  by  the  catalytic  chlorine 
cycle.®”® 

The  influx  of  meteor  metals  into  the  upper  atmosphere  has  been 
estimated®  to  be  3.5  x  10®  kg  yr”^,  with  a  sodium  abundance  of  2X  leading  to  a 
calculated  sodium  flux  of  1.2  x  10**  atoms  cm”^  s”^.  Other  estimates  of  sodium 
flux  run  as  high  as  2  x  10**  cm”^  The  flux  of  other  metallic  species 

such  as  Mg,  Ca,  Al,  Si  and  Fe  will  be  as  much  as  10  times  higher  and 
speculative  concerns  about  their  influence  on  upper  atmospheric  homogeneous 
and  heterogeneous  chemistry  have  been  published. ^”®> 

Unfortunately,  all  attempts  to  model  the  role  of  volatilized  meteor 
metals  (particularly  sodium)  in  the  mesosphere  and  stratosphere®”***^*®”^® 
have  suffered  from  an  almost  total  lack  of  measured  rate  constants.  All  such 
models  start  with  the  oxidation  of  sodium  or  other  metallic  species  in 
reaction  with  atmospheric  0,  O2,  or  O3.  Through  1982,  the  only  measured 
chemical  rate  constants  available  for  any  meteor  metal  oxidation  reactions 

were  the  three  body  recombination  reactions  of  alkali  atoms  (Na,  K)  with 

«  16-18 
O2 

Na  or  K  +  O2  +  M  ♦  NaO^  or  KO2  +  M  .  (1) 
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Flame  studies  by  Hjmes  et  al^^  and  direct  measurements  at  724  and  844  K 
by  Husain  and  Plane^^  showed  that  this  reaction  rate  Is  1000  times  faster  than 
previously  believed. Recent  direct  flow  tube  measurements In  our 
laboratory  have  extended  these  results  from  700  K  down  to  300  R,  and  show  that 
the  reaction  rates  vary  Inversely  with  temperature,  and  confirm  the  larger 
values  for  the  rate  constants. 

As  an  Indication  of  the  effect  that  the  availability  of  chemical  rate 
data  has  on  aeronomlc  modeling  studies,  consider  the  theoretical  calculation 
of  several  Important. sodium  oxidation  reaction  rate  constants: 

Na  +  0^  ♦  NaO  +  O2  (2) 

NaO  +  0  ♦  Na  +  O2  (3) 

and 

NaO  +  0^  ♦  Products  (4) 

performed  at  Aerodyne  Research,  Inc.^^  The  adoption  of  realistic  values  for 
just  these  three  rate  constants  has  led  to  a  major  revision  In  the 
understanding  of  the  structure  of  the  mesospheric  sodium  layer, the 
magnitude  of  the  sodium  D  line  nlghtglow,^ • and  the  understanding  of 
long-lived  luminous  meteor  trails.^ 

From  the  recent  modeling  and  comparison  of 

these  models  with  atmospheric  measurements, neutral  sodium  Is 
believed  to  be  transformed  via  a  series  of  chemical  reactions  Involving  NaO, 
Na02 ,  and  NaOH.  A  survey  of  the  relevant  literature®"®* provides  a 
fairly  complete  list  of  possible  neutral  sodium  reactions  of  importance. 

These  are  listed  In  Table  1,  In  four  groups,  which  to  some  extent,  reflect  the 
sequence  of  events  from  the  Introduction  of  neutral  sodium  at  110  km  altitude 
to  Its  disappearance  near  70  km.  Also  listed  are  reaction  enthalpies,  with 
associated  uncertainties. 
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Table  1  -  Atnnospheric  Reactions  of  Neutral  Sodium  Species 


I .  Sodium  Atom  Reactions  -AH”y(RJ  mol~ ^ ) 


Na 

+ 

O2 

5  NaO  2 

163 

±21 

Na 

+ 

O3 

+  NaO  +  O2 

167 

±42 

Na 

+ 

HO  2 

NaOH  +  0 

77 

±15 

NaH  -i-  O2 

4 

±21 

NaO  +  OH 

Na 

+ 

0 

♦  NaO 

273 

±42 

II.  Sodium  Oxide  Reactions 


NaO  +  O3 

NaO  2 

+  O2 

282 

±47 

Na  + 

2O2 

119 

±42 

NaO  +  h2C 

NaOH 

+  OH 

1 

±44 

NaO  +  H2 

NaOH 

+  H 

64 

±44 

NaO  +  CH4 

NaOH 

+  CH3 

61 

±44 

NaO  +  HCl 

NaCl 

+  OH 

134 

±42 

NaO  +  0 

Nn  + 

O2 

225 

±42 

NaO  +  HO2 

NaOH 

+  O2 

303 

±44 

NeO  +  H 

Na  + 

OH 

155 

±42 

NaO  +  CIO 

NaOCl  +  0 

Na02  +  HCl 

NaCl 

+  HO2 

13 

±23 

Na02  +  Cl 

♦ 

NaCl 

+  O2 

247 

±21 

NaO 2  +  CIO 

NaCl 

+  O3 

84 

±21 

Na02  +  H2 

♦ 

NaOH 

+  OH 

103 

±24 

NaO  • 

»•  H2O 

103 

±47 

Na02  +  0 

NaO  +  O2 

110 

±47 

Na02  +  OH 

♦ 

NaOH 

+  O2 

181 

±24 

Na02  +  H 

NaOH 

+  0 

111 

±24 

♦ 

Na  + 

HO  2 

34 

±23 

Sodium  Hydroxide  Reactions 


NaOH  +  HCl  NaCl  +  HjO  133  ±13 
NaOH  +  Cl  ♦  NaCl  +  OH  67  ±13 
NaOH  +  CIO  NaCl  +  HOj  63  ±15 
NaOH  +  H  Na  +  HjO  154  ±13 


NaOH  +  CO2  ^  NaHC03 
NaOH  +  HNO3  NaN03  +  H2O 
NaHC03  +  HCl  ♦  NaCl  +  Products 


IV.  Photolysis  Reactions 


NaOH  +  hv  ♦  Na  +  OH 
NaO  +  hv  -►  Na  +  0 
Na02  +  hv  Na  +■  O2 
NaCl  +  hv  ♦  Na  +  ri 
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The  main  removal  mechanisms  of  sodium  are  by  reaction  with  O2  or  O3,  the 
latter  reaction  used  by  Chapman^^  to  describe  the  Na  nlghtglow.  The  recent 
rate  measurements  of  reaction  (1)  however,  lead  us  to  believe  that  below  80  km 
most  of  the  Na  Is  converted  to  Na02. 

The  fate  of  Na02f  however,  Is  uncertain.  Recent  measurements  by  Flgger 
et  al^**  and  flame  studies  by.H3rnes  et  al^^  Imply  that  the  Na'02  bond  strength 
Is  much  weaker  than  previously  believed,  with  a  value  of  ca.  163  kJ  mol**^.  As 
a  result,  Na02  will  react  exothermically  with  atomic  oxygen  to  produce  NaO. 
Sodium  oxide  can  react  either  with  ozone  to  reform  Na02  or  Na,  or  react  with 


water  to  produce  NaOH. 

NaOj  +  0  ♦  NaO  +  Oj  (5) 

NaO  +  0^  ♦  Na  +  2O2  (6a) 

♦  Na02  +  Oj  (6b) 

NaO  +  H^O  ♦  NaOH  +  OH  (7) 


Unfortunately,  none  of  these  rates  had  been  measured,  leading  the  various 
modelers  to  speculate  on  the  Importance  of  each. As  shown  by  Sze  et 
al,^^  the  predominant  alkali  species  below  70  km  may  be  NaO,  Na02,  and/or 
NaOH,  depending  on  ones  choice  for  ks,  kg,  and  k7. 

In  a  recent  paper  by  Murad  et  al,^  It  was  proposed  that  the  reactions  of 
metal  hydroxides  and  superoxides  with  chlorine  compounds  between  40  and  70  km 
may  have  an  Impact  on  the  depletion  of  stratospheric  ozone.  In  the  case  of 
sodium,  the  exothermic  blmolecular  reactions 


NaO  +  HCl  NaCl  +  OH,  and  possibly 


(10) 


NaHCOj  +  HCl  ♦  NaCl  +  H^CO^,  (11) 

might  be  expected  to  proceed  rapidly  and  act  as  a  sink  for  Cl,  given  that  NaCl 
can  readily  polymerize  and  condense  via  heterogeneous  nucleatlon.^  Analygous 
reactions  also  can  occur  with  Cl  and  C10>  The  Inclusion  of  sodium  bicarbonate 
(In  reaction  11)  comes  about  due  to  the  possible  occurrence  of  the  reaction 

NaOH  +  OO2  +  M  NaHCO^  +  M  (12) 

Murad  at  al  calculated  that  If  the  reaction  rate  of  these  sodium  species  with 
HCl  were  '10~^^  cin^  molecule'^  s*^,  they  night  be  comparable  to  the  major  Cl 
regeneration  mechanism, 

OH  +  HCl  ♦  Cl  +  H2O  .  (13) 

While  previously  published  studies  have  viewed  NaCl  as  a  potential  sink  for 
stratospheric  chlorine, more  recent  analyses  by  F.S.  Rowland^^  Indicate 
that  photolysis  of  NaCl  may  In  fact  release  free  Cl.  Given  the  potentially 
large  J  values  (atmospheric  photolysis  rate)  for  this  process,  reactions 

(8)-(ll)  could  effectively  supplement,  rather  than  remove,  reaction  (13)  as  a 
release  mechanism  for  Cl  from  the  Inactive  HCl  stratospheric  reservoir  and 
thereby  determine  the  <»xtent  to  which  ozone  night  be  depleted  by  chlorine 
compounds  In  the  stratosphere.  However,  to  fully  understand  the  role  of 
alkali  species  In  the  stratosphere  one  must  also  consider  the  effects  of  Na02 
and  NaOH  photodlssoclatlon  on  those  processes,  >  as  well  as  homonuclear 
and  heteronuclear  sinks  for  meteoric  metal  species. 

The  objective  of  this  program  was  to  provide  direct  experimental 
measurements  of  key  rate  constants.  Obtaining  accurate  reaction  rates  for  the 
sodium  atmospheric  system  will  enable  more  accurate  modeling  of  the  sodium 
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oilsslon  and  density  profiles.  Once  this  Is  completed,  these  results  can  be 
extended  toward  the  larger  goal  of  understanding  the  chemistry  of  the  more 
abundant  meteor  metals. 

Over  the  three  years  of  work  on  this  program,  we  have  measured  rate 
constants  for  over  a  dozen  alkali  reactions  and  believe  that  these  results 
will  lead  to  a  much  Improved  understanding  of  the  role  of  meteor  metals  In 
atmospheric  chemical  processes.  The  remainder  of  this  report  details  and 
summarizes  our  findings.  Section  2  Is  a  reprint  of  our  studies  of  the 
termolecular  recombination  of  sodium  and  potassium  with  molecular  oxygen. 
Section  3  la  a  preprint  jf  a  paper  detailing  the  reaction  of  Na  with  O3  and 
N2O,  and  NaO  with  O3.  A  reprint  discussing  our  measurements  of  the  reaction 
of  NaO  and  NaOH  with  HCl  comprises  Section  4  and  a  preprint  of  the  analygous 
reaction  of  Na02  with  HCl  forma  Section  5.  Section  6  Is  a  preprint  of  s  paper 
describing  our  measurements  of  the  absolute  photodlssoclatlon  cross  sections 
for  NaCl.  Section  7  describes  our  work  on  the  measuiement  of  the  rate 
constant  for  the  reaction  of  NaOH  +  CO2  M.  A  sumoary  of  the  results 
obtained  from  this  program  Is  contained  In  Section  8  and  s  listing  of  papers 
and  presentations  made  during  the  course  of  this  contract  Is  given  In  Section 
9. 
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TEMPERATURE  DEPENDENT  TERMOLECULAR  REACTION  RATE 
CONSTANTS  FOR  POTASSIUM  AND  SODIUM  SUPEROXIDE 

FORMATION 

J.  A.  SILVER.  M.  S.  Z.AHMSEH.  A.  STANTON.  AM)  C:.  K.  KOI,B 
Caller  for  Chemical  and  Eiii  iriuimental  Phi/tirt 
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45  Slanninn  Road 
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Rate  i-oniitant!)  lur  the  reedinhinatioii  reactidiis  i it  alkali  atoms  with  nioliiiilar  oysueii.  K  ~ 
O;  +  M  — »  KO.  +  M  and  Na  +  Oj  +  M  — »  Na(L  .\1.  have  l)een  iiu-aMired  as  a  rnnctioi) 
of  temperature  from  300  to  7(K)  K  itsiiiu  a  fast  flow  realtor,  laiser  itidiicfil  fliioreseeiii-e  is 
used  to  inonitor  the  disapisearaiiee  of  Na  or  k  as  a  function  of  (L  and  M.  Tlie  reactions  are 
studied  in  their  low  pressure  third  order  limit  fmin  I  to  S  tnrr  total  pressure  with  N...  He. 
and  .Ar  as  third  Ixidies.  The  rate  ismstants  are  fniiinl  to  have  the  c\|)ccted  neuative  tem¬ 
perature  dependence.  Tlie  values  for  h  (Na  +  (L  -►  M>  are  (1.9  ±  0.4'  x  10  (T/.'VK))  ' 

with  M  =  N\.  (1.4  ±  0.3)  x  10  "  (T/300)  with  M  =  He.  and  (1.2  i  0.3)  x  |{)  '■  at 
T  =  324  K  with  .M  =  .Ar.  all  in  units  of  cm*  innleciiles  ’  s'*.  The  values  for  the  cnrrcs|X)ndinK 
reactions  with  potassium  are  larger  than  thu.se  for  sodium  with  it  (K  +  O,  +  M)  =  (5.4  ± 
0.2)  X  10  *“  (T/300)  with  M  =  Nj.  (2.0  ±  0.5)  x  11)  *’  (T/300 1  with  M  =  He. 

and  (3.5  ±  1.0)  x  10  *'  at  T  *  300  K  with  M  =  .Ar.  The  results  are  (sun|>ared  with  other 
recent  measurements  from  flame  and  flash  photolysis  studies  and  with  theoretical  expecta¬ 
tions  based  on  an  energv'  transfer  RRKM  mechanism  fur  the  .NaO<*  activated  isunple.s. 


Introduction 

The  cheniistrv  of  alkali  metals  in  (lames  com¬ 
mands  our  attention  fur  both  schularlv  and  piactk-al 
reasons.  From  a  scientific  standpoint  reactions  uf 
alkali  atoms,  with  their  sinpje  valence  electron,  fisrm 
a  natural  test  bed  to  e.xtend  our  theoretical  undc-r- 
stand'nft  honed  on  reactions  of  atomic  hydrogen. 
Furthermore,  the  low  ionization  potentials  of  alkali 
atoms  open  the  possibility  of  electron  transfer  re¬ 
action  mechanisms  and  allow  determination  of  the 
role  of  ionic  potential  surfaces  in  reaction  dynamics. 
Finally  ,  ir.cr^ibly  sensitive  methods  of  detecting 
alkali  atoms,  including  hot  wire  surike  ionization. 
User  induced  rcKmance  fluorescence,  and  laser  in- 
diKed  resonance  icmization  nenv  allow’  the  design  uf 
elegant  experimental  studies  for  environments 
ranging  from  molecular  beams  to  high  pressure- 
flames. 

From  a  practical  standpoint,  gas  phase  alkali 
chemistry  has  Icmg  been  recogniz^  to  be  impor¬ 
tant  in  flame  suppression.*’’  and  is  also  involved 
in  the  conversion  of  alkali-containing  minerab  in  coal 
to  alkali  suKrtes.^  These  sulbtes  are  a  mafor  cause 
of  (billing  and  corrosion  uf  boiler-tube  suibces.  heat 
exchangers,  and  turbine  l>lades.  .Alkali  atoms  intro¬ 
duced  into  the  atmosphere  by  meteor  ablation  also 
play  a  role  in  mesospheric  chemistry.*'*’  and  it  has 


Ix-c-n  suggested* '  *^  that  alkali  mulc-cules  may  afect 
stratospheric  ozune  rediictiun  through  the  c-atalylic 
chlorine  cycle. 

However,  for  all  the  intrinsic  thcf.-retica!  and  ex¬ 
perimental  interest  in  alkali  reactions,  our  under¬ 
standing  uf  the-  gas  phase  oxidation  chemistry  of  al¬ 
kali  atoms  has  only  recvntly  progressed,  first  liack 
to.  and  then  bey  ond  the-  level  gained  in  the  1930's 
in  pkmc-ering  yj'J'.im  difliision  flame  studies  hy  Ha- 
Ix-r  and  Sac.’hsH-*’  and  Bawn  and  Evans.”’  AVhile 
thi’se  low  pressure  studk-s  of  the-  reaction  of  Na  with 
tv.  showed  it  iwixeeded  with  a  trrmolc-eular  rate 
ci.>u.vtimt  in  excess  of  10’  *'  cm'’  s’  ’.  Mil)se*iuent  work 
(priiiiarily  in  (he  mkl  196(fs)  using  flame  photii- 
metrie  inethoc  s  !iy  Kaskan*'  *’’  and  Me  Ewan  and 
Phillips**  indkatc-d  niiich  lower  MOj  fimnatiun 
rates  (M  *  Na.  Kl*'  as  well  as  relatively  high 
dissix'iatiun  em-rgies  Sir  thi  .\! — ()i  Umd  (M  =  Na, 

Analyses  uf  therinieheiiikal  eyek-s  hy  Herm  and 
lliTsehhach’*  and  Ak-xandc-r”  clearly  indicated  that 
the  strengths  of  M — O2  Ininds  dc-diiced  from  (lame 
plintumetrk  data  hy  .MeEwan  and  Phillips  were 
greatly  osc-restinMted.  This  was  rc-cently  confirmed 
by  Figger  and  eu-wurkers  who  aiialyzi^  observa- 
tSms  of  eheniiluiiiinescencv  U-tween  enissc-d  inu- 
keular  lieams  of  alkali  dimers  and  molecAilar  oxy¬ 
gen  to  yield  alkali  supernxidr  b<»iid  energies.*’ 
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REACTION  KINETICS 


Ri-inti‘q)rctutii>ii  «!'  the  earlier  llaine  t‘.\|K‘rinienfs'* 
as  well  as  newly  |X'riorrneil  flame  stitdies"'  are  alsn 
isinsistent  with  lower  alkali  sii|H-ro\ide  Ixnid  ener- 
tjies. 

The  low  sodium  and  |)<>tassiiitii  ternioleeidar  re- 
aetioii  rates  dedueed  from  the  flame  photometry 
studies'’  *'*  are  also  iin'orritt.  Recently  published 
flash  {thololysis  studies  over  limited  t'‘Ht|K'r^ure 
ramjes  for  Li  and  4().3  Ki.’’’  {.’s  (32.  K>."’  Na 
|724  and  S44  K'"''  and  K  u.>3  and  Vii  K>,'^  as  well 
ss  flame  pho(iuv4r>'  studies  (h  \a,"'  all  ekvtrly  show 
fast  termoleeular  rates  for  alkali  su|H*roxide  forma¬ 
tion. 

In  this  |W|KT  we  rejsort  terinoleiidar  rate  eon- 
stants  for  superoxide  formation  from  stKliiiin  and 
potassium  over  a  mueh  wider  tem|H‘ratitre  range 
than  previouslv  available,  yielding  the  first  clear, 
direct  measurement  of  the  temperatnre  depen¬ 
dence  of  these  prrKcsses.  Third  Iwdy  dependencies 
arc  illustrated  by  separate  measurements  for  Nj,  He 
and  .\r.  These-  measurements  were  made  in  a  high 
temperature,  fast  flow  reactor**  utili/ing  laser  in¬ 
duced  resonance  fluorescence  detcetiem  of  atomic- 
alkali  speek-s.  A  discussion  of  thc-sc-  results  in  terms 
of  their  iinportaiKe  in  testing  termoleeular  associ¬ 
ation  reaction  thc-ory  is  also  presented. 


Experimental 

The  high  temperature-  fast  flow  reactor  used  in 
these  experiments  has  liceii  descrilK*d  in  detail 
previously'*’  and  is  shown  in  Fig.  1  in  the  coniig- 
uratkm  used  in  this  study.  Briefly,  a  7.26  cm  cli- 
amc-ter.  120  cm  long  almiiina  tulx-  is  heated  with 
Kanthal  rc-sistancx-  heaters.  The  helium,  argiiii  or 
uitr<>gc-n  carrii-r  gas  enters  the  flow  tuix-  through 
two  miillite  multiehannci  arrays  whkh  lurth  preheat 
and  laminariac-  tlu-  flow  upstream  of  tlu-  reaction 
»NH-.  .K  siiliicient  distance  (20  cm)  is  allowed  down- 
strc-ain  of  tiK-se  array  s  for  the-  carrier  gas  to  de\elo|) 
a  paraludic  flow  pnrfilc-  Ix-forc-  reaching  the  reactimi 


Kk..  1.  Sc'heinalic  vn-w  tif  tlie  high  trin|H-ralurc- 
flow  reactor. 


/one.  Carrier  gas  flow  rates  are  measured  with  cal¬ 
ibrated  rotameters.  Total  pressures  are  measured  > 
with  a  c-apacitancc-  manomc-ter  at  the  downstream 
end  of  the  reaction  zone.  Gas  temperatures  arc  ob¬ 
tained  with  a  chromel-alumel  thermocouple  which 
is  movable  throughout  the  reaction  zone.  The  low¬ 
est  rc-action  temperatures  are  slightly  above  room 
tem\K'rature  due  to  the  hc-ating  of  the  carrier  gas 
as  it  passes  over  the  rcsistively  heated  alkali  oven. 

TIh-  maxinuun  axial  temix-rature  gradient  due  to  this 
cflcct  owT  the  cegkm  in  which  decay  ineasMte- 
inents  are  taken  is  10  to  20  degrees  depending  on 
flow  vekx’ity.  pressure,  and  identity  of  carrier  gas. 

The  tem|X‘rature  at  the  mid  point  of  the  reaction 
/one  as  mea.s.ired  by  the  movable  thermocouple  is 
used  in  the  data  analysis.  Axial  profiles  are  mure 
uniform,  ±2  to  3  degrees,  at  elevated  temperatures 
i>400  K)  where  heating  is  dominated  by  the  flow 
tulx-  walls  and  the  nmllite  arrays,  .\lthough  the  ap¬ 
paratus  is  capalde  of  temperatures  up  to  1300  K. 
experimental  considerations  as  described  below 
limitcxl  the  upper  tempc'rature  to  700  K  for  these 
studies. 

Alkali  atoms  are  gern'ratc-d  by  heating  the  pure 
metal  in  a  23  min  diameter  ey  lindrieal  silver  plated 
monel  oven  to  a  temperature  sufficient  to  obtain  a 
vapor  pressure  of  lO""  to  10*^  torr  vcithin  the  ove’-i, 

IV  oven  is  mounted  on  the  end  of  a  movable  13 
mm  od  alumina  tube  evneentrie  to  the  main  flow 
tube.  The  vapor  is  entrained  in  a  flow  ot  carrier  gas 
and  introduced  into  the  flow  tube  in  one  of  two 
conligurations.  For  the  kinetic  measurements  with 
U.<.  the  oven  is  plarcd  at  a  fived  position  upstream 
ol  the  multk'liannel  arrays  and  the  alkali  vapor  is 
intrudueed  into  the  main  flow  thruuj^  a  10  cm 
length  of  19  mo-,  diameter  -ilver  tubing  which  passes 
through  tlx-  center  of  the  airays.  In  the  second 
ciNiligtiraticN),  the  oven  is  placed  downstream  of  the 
arrays  and  is  movabk-  throughout  the  reaction  zene 
tu  determine  the  loss  of  alkali  atoms  on  the  reactor 
walls.  The  oven  temperature  is  controlled  with  re¬ 
sistive  heating  elenients  indepc'nvlcnt  of  the  flow  tube 
Ix-atc-rs.  Initial  alkali  atom  coiwentrations  in  the  re- 
actiuii  zutH-  are  niaintaincxl  at  less  than  lO'"  em'^ 
by  adjusting  the  oven  temperature  and  the  carrier 
gas  flow  rate  thiough  the  oven. 

Tlx-  alkali  atoms  are  detected  by  laser  induced 
Uuurc-scmcc  at  the  downstream  end  of  die  flow  tube. 

A  Molei-trun  DL14  nitrogen  puniped  dye  laser  is 
used  to  excite  the  4s  'Si/;  -♦  5p  *1*3/2  transition  at 
404.4  nm  for  potassium  or  the  3$  *Si/2  -»  3p 
transition  at  ^.U  nm  for  sodium.  Fluorescence  is 
ctdlcx-tc-d  using  a  gated  phototube  and  a  computer 
csmtruUvxl  data  acspiwiliun  system.*'’  The  sign^  arx- 
avenaged  over  l(X)  laser  pnlsc-x  after  subtraeting  for 
■umfluoresevnt  backgruimd  exxitributions  and  nor- 
mali/ang  for  pulse-  to  pulse  flixtuations  in  laser  in¬ 
tensity.  Although  no  direct  calibration  of  the  fluo¬ 
rescence  signal  was  attempted,  estimates  of 
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sensitivity  from  known  phototulx.*  and  inte^ratur  re¬ 
sponse,  measured  laser  power,  and  atomic  transi¬ 
tion  probabilities  indic~ate  a  detitlkm  limit  for  Na 
of  10*  cm"^  and  for  K  of  10*’  cm'  *  using  these  tran¬ 
sitions. 

Molecular  axygen  is  added  through  a  mosable  loop 
injector  at  distances  from  10  to  60  cm  upstream  of 
the  detection  region.  flow  rates  are  measured 
with  a  calibrated  thermal  eundiietivits'  mass  flow 
meter.  The  kinetic  measurements  arc-  conducted 
under  pseudo-first  order  conditions  with  2  x  10*^ 
<  [Oj]  <  7  X  10**  cm'*,  in  large  excess  compared 
to  the  alkah  metal  atom  concentration,  yet  ahsays 
<5%  of  the  total  gas  coiKentration.  First  order  rate 
constants  are  determined  for  a  fi.xed  ct>nceittra- 
tion  by  recording  the  change  in  alkali  atom  con¬ 
centration  as  a  function  of  injeetor  distance. 

Corrections  for  Iroth  axial  and  radial  diffusion  and 
wall  removal  are  made  using  the  procedure  out¬ 
lined  by  Rrown.**  This  method  is  based  on  a  nu¬ 
merical  solution  of  the  continuity  equation  includ¬ 
ing  diEhision,  first  o  der  chemical  reaction  and  wall 
removal  in  a  cylindical  tube  with  fully  developc-d 
lamina;  flow.  A  mu  tiplicative  correction  factor,  oli- 
tained  for  each  set  of  experimental  cemditions.  is 
used  to  relate  the  obserx^  decay  to  the  true  first 
order  rate  constant.  This  correction  factor  is  de¬ 
pendent  on  the  wall  removal  rate  constant,  .  and 
the  binary  diffusion  coefficient  fur  the  alkali  atom 
in  the  carrier  gas.  Values  for  il:„  are  determinc-d  in 
separate  experiments  at  each  pressure  and  temper¬ 
ature  by  observing  the  change  in  atom  concentra¬ 
tion  at  the  detection  point  while  varying  the  source 
oven  position.  The  loss  of  atoms  to  the  wall  was 
found  to  be  diffusion  limited  fur  all  the  conditions 
used  in  this  study,  implying  a  surface  accommo¬ 
dation  coefficient  7  >  0. 1.  The  observc*d  wall  loss 
rate  under  these  conditions  may  therefore  be  usc-d 
to  determine  the  diffiision  coeffiek-nt**  whk-h  is  then 
used  to  determine  the  correction  factor  for  the  re¬ 
active  flow  analysis.  The  correction  fklors  obtained 
by  this  metlrad  were  in  the  range  k|rw/tah«  fr»>m 
1.52  to  1.86,  with  most  lying  Ictwc-en  1.60  and  l.M. 
I'nder  tlie  flow  conditions  of  these  experiments,  the 
ratio  of  reaction  to  difiuskm  times  is  not  unlike  ihose 
encountered  in  ion-mokculc  reartions,  *'  whkh  also 
exhibit  correction  faclors  on  the  order  of  1.6. 

Rewlts  and  Discusskm 

Reaction  rate  constants  of  atomk'  sodium  with  Oj 
were  measured  over  the  temperature  range  of  320- 
698  K  for  nitrogen  as  tlu*  third  Ixidy  collision  part¬ 
ner.  and  over  the  range  of  309—173  K  in  helium 
for  potassium,  die  corresponding  temperature  ranges 
were  308-720  K  and  296-320  K.  respectively  .  Room 
temperature  measurements  were  also  made  in  ar¬ 
gon  for  both  Na  and  K.  Pressures  at  each  temper¬ 
ature  range  from  1  to  between  5  and  8  torr.  .Abov  e 


700  k.  no  reliable  decays  could  Ik-  measured.  Iic- 
caiise  alkali  atoms  which  had  acciiinulated  on  the 
walls  at  lower  temperatures  Icgan  to  effuse  into  the 
flow,  interfering  with  the  rate  measurements. 

I  sing  the-  data  for  \a  +  Os  +  tile)  as  an  ex¬ 
ample,  we  sec  in  Fig.  2  that  the  first-order  (loga¬ 
rithmic)  decays  of  signal  w  ith  reaction  time  arc  lin¬ 
ear  for  over  a  factor  of  100,  Plots  of  a  series  of  first- 
order  rate  exmstants  (corrected  for  wall  and  diffu- 
sional  effects)  versus  IO2!  are  illustrated  in  Fig.  3. 
Si-coiid-ordcr  rate  ixmstaiits  derived  from  these  are 
then  plntted  vs.  total  niuniK-r  density  and  the  third- 
order  rate  constants  are  determined  from  the  slopes 
of  these  plots,  lii  most  cases,  these  lines  intersect 
the  inigin  to  within  the  statistkal  uncertainties  of 
the-  fit  i±10  s  *'.  For  Na  +  Os  -*■  (N2),  a  small 
positive  intercept  is  observed  at  all  temperatures. 
Tbe  cause-  for  the  intercept  is  unclear.  .An  cxpla- 
iiatHNi  sinnetimes  given  fin  such  iH-havior  is  that  the 
wall  acts  as  a  stabilizing  third  Inxiv  and  adds  a 
pressure  independent  ioni|)onent  to  k”.  However, 
this  explanation  would  appear  unlikely  in  these  ex¬ 
periments  given  the  near  unit  efficiency  for  wall  re¬ 
moval  of  all  alkali  species.  .An  alternative  explana- 
tkin  is  that  insufficient  diffusional  mixing  of  the 
injected  O2  could  lead  to  iinderestiination  of  k"  at 
liigiter  pressures,  resulting  in  an  apparent  infer.ept 


REACTION  TIME  (tm) 

0  10  M  30  40 


Fk..  2.  Psi-iido-first  order  decay  of  .Na  flnores- 
leiue  sigiial  vs.  reaction  distance  fur  M  He  at 
KW  K  and  5.05  torr  lO.)  >  I  0»  (a).  3.36  (b).  7.20 
(!•'.  1-1.3  (d),  26.6  (e),  units  of  10**  cm  ’.  The  esti¬ 
mated  relative  standard  deviations  for  these  points 
range  from  I*)!  to  4%. 
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O2  CONCENTRATION  (IQlS  ctn-3) 

FiC.  3.  Plots  of  first-ortlf''  Na  ilei'ay  ratfs  vs.  [O^l 
for  M  =  He  ami  T  =  3l(9-3'}3  K.  Total  pressure 
(torr)  -  1.05  (Ol.  1.51  itK  2.52  (  +  >.  .J.tM  (AV  5.t»5 
(V).  Each  point  has  l)eeii  correetetl  for  the  eflW’ts 
of  difiiisioi)  and  wall  loss.  Error  liars  corresiMiiid  to 
=20. 

in  the  I"  vs.  pressure  plots.  However,  eak-ulations 
of  mixing  length  iiulieate  that  this  eIR'ct  should  not 
Ik'  signifKant  even  at  the  highest  pressure  iS  torr) 
in  these*  studies. 

The  three-lxxlv  assiK'iation  rate  constants  .is  a 
function  of  tem|X‘raturc  for  various  thirti  IhkIv  csiI- 
lision  partners  are  shown  for  sodium  in  Fig.  -t  and 
fur  potassium  in  Fiu.  .5.  Tlie  data  can  Ik*  descrilH'd 
by  an  expression  of  the  form  it'"tT'  =  .AT'".  The 
results  of  nunliiH'ar  least-si|u,ire  fits  to  this  function 
are  found  in  Table  I.  For  siKlium  in  helium  and 
nitrogen,  and  Ibr  |kitassiuin  in  helium,  a  simple  T  ' 
representation  cxnild  also  Ik*  iisetl.  However,  the 
results  for  potassium  in  nitrogen  show'  a  somewhat 
weaker  temperature  de|X*mleiKr.  Iiest  represeiitetl 
by  T*'“  although  this  difference  is  not  sig¬ 

nificant  within  the  statistical  uixx-rtainties  of  the  data. 

Tlie  expressed  total  ex|x*riniental  uiKfrtainties. 
including  allovvaixx*  for  systematic  ermrs.  can  lx* 
estimated  as  the  s(|uare  rout  of  tlx*  sum  of  the 
squared  individual  uncertainties  diu*  to  a)  Ihnv  ve¬ 
locity,  temperature,  pressure,  and  eoixentration 


TlMKRATVim  (K) 


Kli;.  4.  Plot  Ilf  III  kiT;  vs.  hi  T  for  the  reaction 
\a  +  ()..  +  M.  with  .M  *  N..  icirclesi.  lie  (trian¬ 
gles).  and  .\r  (.Mpiarel  lor  this  work.  Tlie  solid  lines 
.ire  least-sipiare  fits  to  these  dat.i.  The  +  aiid  x 
sviiiIhiIs  it'preseiit  liata  liir  M  =  .N^  and  He,  re- 
slHilively  from  n-fereiici*  2S.  and  the  dashed  line 
.M  ==  llaine  gases'  is  from  reiereme  25. 

calibration  factors.  y4.  bi  the  precision  in  deter¬ 
mining  the*  cix'lficient  .\  in  the  evpri'ssion  for  li'"(Tl, 
I7'4.  and  cl  the  inxrrtaiiity  in  the  correction  of  ob¬ 
served  first-order  decays  iiir  wall  removal  and  dif- 
fusional  efl’ects.  I(W. 

Table  I  also  contains  other  detcrininatioiis  of  k. 
Husain  and  Pluiie^''  ^  used  a  Hash  photolysis  sys¬ 
tem  to  generate  alkali  atoms  frinii  Kl  and  Nal  and 
followi‘d  the  decay  of  K  and  Na  by  atomic  reso¬ 
nance  absorption.  Tliey  observed  no  temperature 
dependence  over  their  limitc'd  temperature  range 
(724  K  and  844  Ki  for  the  Na  +  Os  +  M  reaction. 


TIMKIUTUIIf  (K) 


Kk..  .5.  Phil  III  In  kd  '  vs.  Ill  T  lor  the  reaction  K 
*  I),.  +  .M.  with  .M  =  .Vj  icinles'.  lie  itriaiigles'. 
and  \t  (sipiarel.  Tlie  solid  lines  .ire  least-sipiare  fits 
to  tliese  data  Tlic*  +  and  x  s\  inlmls  represent  data 
fiir  M  =•  N..  and  lie.  restxctively  friiin  reference 
2». 
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TABLE  1 

Comparison  of  measured  rale  ctmslants  f<ir  Na  +  O2  +  M  -*  NaOj  +  M 
and  K  +  O.  +  M  -♦  KO;  M 


Reference 

.Alkali 

Method 

M 

P  (lorri 

T(K) 

k  (cm*  s  ') 

This  work 

Na 

Fast  Flow 

Nr 

OS-6.0 

3*20-:00 

(19  *  0.4)  X 

10  "  iT/300)-“*'” 

Reactor 

Laser  Induced 

He 

10-8  1 

310-470 

(1.4  ±  0.3'  X 

10  *  1T/.3OO) 

Fluorescence 

Ar 

1.0-3.0 

324 

(1.2  ±  0.3)  X 

10* 

Husain  and 

Na 

Flash  Photolysis 

Nj 

25-150 

724 

1.1  X  10*' 

Plane® 

Resonance 

844 

1.0  X  10  *' 

.Absorption 

He 

30-120 

724 

0.53  X  10  * 

814 

0.67  X  10  * 

Hvnes 

\a 

Flame  Studies 

HjO/Oj/N. 

760 

1650-2400  2  X  10  ®  T  * 

et  al.® 

with  Laser 

Mixtures 

Induced 

Fluorescence 

Bawn  and 

Na 

Diffusion 

Nj 

4-25 

533 

4.6  X  10  * 

Evans" 

Flame 

This  work 

K 

Fast  Flow 

Nr 

1.0-60 

.302-720 

(54  i  0.2'  X 

10  *  .T/.300i  "*‘"*’ 

Reactor 

He 

1. 0-6.0 

296-.520 

(2.0  *  0.5)  X 

10  *  (T/.300i  ‘'“'"’ 

Laser  Induced 

Ar 

1.6 

.300 

(3.5  ±  1.0!  X 

10  * 

Fluorescence 

Husain  and 

K 

Flash  Photolysis 

N; 

40-16tl 

7.53 

2.9  X  10  *■ 

Plane" 

Resonance 

873 

1.4  X  It) 

.Absorption 

He 

40-160 

753 

1.5  X  10  * 

873 

0.96  X  10  *' 

A  substantialK  larger  variatiun  with  temperature  wus 
ulitained  for  their  K  +  0^  't-  M  study  although  they 
arhitrarily  fit  their  data  to  a  T~ '  dependence.  The 
agreement  liehveeii  their  values  and  the  slightly  ex¬ 
trapolated  temperature  dependent  rate  itmstants  for 
lx)th  reactions  from  this  work  is  satisfailurv'.  espe- 
cialk  considering  the  vers  dilTcrent  methods  em¬ 
ployed.  This  comparison  is  shown  in  Figs.  -I  and  5. 

Hynes  et  al.’*  have  studied  the  Na  +  Oj  +  M 
reaction  in  experiments  using  laser  indiHtHl  fluo¬ 
rescence  to  measure  Na  and  OH  profiles  under  fuel 
lean  conditions  in  H;/(L/N.  flames.  .A  detailed  ki¬ 
netic  model  assuming  reasonalile  values  fitr  rate 
constants  I'or  the  reaefioits  intercxnniecting  tin-  spe¬ 
cies  Na.  NaOj.  Na(<  ur.ci  NaOII  is  used  to  deter¬ 
mine  the  best  fit  to  the  oliservatnnis.  Thc-ir  opti¬ 
mum  value  of  litNa  -r  O-  M'.  assnniing  a  T  ' 
temperature  dependence,  is  shown  in  Fig  4.  and 
is  lower  by  alxHit  a  factor  of  4  cx)in|)arecl  to  the 
extrapulatc*d  fit  from  this  work.  Part  of  this  differ¬ 
ence  iiuy  lie  explaincnl  liv  the  different  identities 
of  M  (N^.  Oj,  HsO  inixtnresi  in  their  flame  stmlies. 
Hynes  et  al.**  also  explain  the  discrepaiK-x  iM-twcen 
their  result  and  the  earlier  flaiin-  stmlies.''  which 
ulitained  a  lower  value  for  foNa  O;  +  .M>  lix 


nearly  three  orders  of  magnitude.  Tlie  earlier  works 
had  mcxirrcrtly  attributc'd  the  global  disappc'arancr 
of  Na  to  reaction  with  ()».  while  in  fuel  the  Na  exm- 
centration  folhixvs  that  of  atoniie  lixdrogen.  whose 
decay  is  einitnilk'd  by  nraclioii  with  (L  to  finmi  IIOs. 
.A  similar  explanation  has  lieen  pn>|iosc‘d  by  Jen¬ 
sen.** 

TIm‘  nineh  earlmr  diffiisicm  flame*  studies'*  "*  cur- 
reeth  identific'd  the  Na  ()>  M  reaction  to  be 
fast  itir  a  three  Inxly  process.  The  later  and  more 
extensive  siiidx  by  Hawn  and  Kxanx"’  ulitainc>d  a 
valiH*  at  K  which  is  higlier  by  a  lactor  of  3  than 
this  study.  Uiey  also  oliserved  a  iail-oif  U'havior  fur 
tlnir  stxsnid  onler  rate  constant  with  pressure*  aliuxe 
alniiit  10  torr  and  present  tlii*ir  results  in  terms  of 
an  eiH’rgx  transfer  iiHebanism  using  a  I  jndenuinn- 
txpi*  ex|iress)on  to  intc*r)iret  their  data.  This  fall-off 
lN*hjxior  was  not  obsc*rxed  by  liiisaiii  and  Plane** 
wbo  sliow  linear  |ilots  oi  k"  versus  prc*ssure  from 
2.5  to  1.50  torr.  1heir  eficetivi*  biniokenlar  rate  at 
hiO  torr  ami  724  K  fur  tin*  Na  »  ()»  iNji  re- 

aclicm  ol  2.2  x  |0  cm' s  '  is  marly  cxiual  to 
tin*  higli  prt*ssun-  limit  inierri*d  by  Hawn  and  Ev¬ 
ans  of  3  X  10' em*  s  V  It  thus  apiH*ars  that  the 
pn'ssnre  de|H*Hdeme  observed  by  Hawn  ami  Evans 
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may  have  been  an  artifact  of  their  experimental  dif¬ 
fusion  flame  technique.  No  curvature  was  observed 
in  our  lower  pressure  P  S  8  torr  conditions  of  this 
study  and  under  these  conditions,  the  recombina¬ 
tion  reaction  appears  to  be  in  its  low  pressure,  third 
order,  limit. 

In  this  limit,  the  recombination  rate  constant  can 
best  be  caleulated  using  unimolecular  rate  theorv  ,  ^ 
in  which  second-order  rate  constants  for  unimoleeu- 
lar  decomposition  are  related  through  the  equilib¬ 
rium  constant  to  the  third  order  (low  pressure)  as¬ 
sociation  rate  constants.  The  unimolecular  rate 
constants  are  obtained  using  simplified  equations  of 
Troe  based  on  RRKM  thcors  .'^’ *  The  recombi¬ 
nation  rate  constant  can  be  expressed  as  the  prod¬ 
uct  of  a  strong  collision  rale  constant  k%r„  and  a 
weak  colbsion  deactivation  efficiency  term  p,. 

(II 

In  effect,  P,  is  a  term  expressing  the  efficicnc-x  by 
whkh  (Nat)2l*  is  stabilized  upon  cottislon.  tn  the 
absence  of  detailed  state-to-statc  energx  transfer 
rates,  Pr  adjustable  parameter  which  depends 
on  the  axerage  change  in  internal  cnergv  of  the 
transition  state  complex  per  colbsion,  (AE),  so  that 

P.  _  ^ 

FkKT' 

Fe  is  a  correction  term  for  the  energx  de|X‘n- 
drncr  of  thr  droiilx  uf  sUb's  in  tht*  tranifti'a 
plex.  Using  a  value  of  163  kj  mole'*  for  the  Na — (h 
bond  energx,**  Patrick  and  Golden*'  haxe  calcu¬ 
lated  for  Na  +  Oj  (He'  at  300  and  7(10  K. 
The  computations  result  in  k^,,,  (300  K)  =  7.8  x 
lO'*®  cm*  s'*  for  .M  =  He.  Thus,  a  xalue  of  P,  “ 
0. 18  is  required  to  reproduce  the  experimental  re¬ 
sult.  The  axerage  eiiergx'  transferred  per  collisHai  is 
0.8  kJ  mole'*.  M  700  K,  =  4.2  x 

10'*" cm®  s'*,  suggesting  a  value  of  p,  =  0.00  if 
(AE)  is  assumed  to  Ik‘  independent  of  tempeiatun*. 
Extrapolation  of  the  experimental  value  for  helium 
to  700  K  results  in  an  olisen  ed  P,  =  0. 14.  in  giKxl 
agreement,  considering  the  simplified  ass  npthins 
of  this  approach. 

This  unimolecular  approach  has  been  shown  to 
be  fairly  reliable  in  calculating  terimileeular  asso¬ 
ciation  rate  constants  for  a  vark'ty  of  species.  *'  ’’’ 
The  xalm  of  P,  (w  M  =  N>  and  tend  tu  k- 
in  the  range  of  0. 1-0.5.  The  x-akulations  for  Na  -r 
Oi  in  helium  agree  quite  well  xvith  these  niimlM-rs. 
ghrn  that  one  might  evpixl  Indiunt  to  In*  uuur-- 
what  less  efficient  than  Nj  in  i|i)eiK'hing  the  excited 
intermediate.  For  the  similar  reaction  H  O; 
|N<I.  the  calculations  also  ix'iforni  well,  giving  P, 
=  0.08.  exen  thnu^  the  rat<-  ixinstaiit  for  this  re¬ 
action.  3.9  X  10'  *■  dll'’  s'*  at  300  K.  is  approx¬ 


imately  30  times  slower  than  the  corresponding  so¬ 
dium  reaction. 

In  extrapolating  our  measured  rate  constants  to 
higher  pressures,  it  is  important  to  understand  the 
fall-off  behavior  as  the  reactioii  mechanism  goes  from 
its  low  pressure  third  order  limit  to  its  high  pres¬ 
sure  steond  order  limit.  \  method  for  calculating 
the  fall-off  parameter  based  on  RRKM  theory  has 
liecn  developc'd  by  Luther  and  Troe.*®  Using  their 
approach,  the  himnlecular  rate  ixmstant  in  the  tran¬ 
sition  region  may  be  calculated  as**  *® 

_  k^  t„lMl  „  , 

k.  +  k,m 

where  k,  and  k„  are  the  high  pressure  and  low- 
pressure  binitiiig  rate  eunstanls.  respettiveU.  Tbe 
broadening  parameter,  F,  is  dependent  on  the  mo¬ 
lecular  structure  of  the  adduct  and  typically  is  on 
the  order  of  0.6  for  small  molecules.'**  The  Patrick 
xnd  Cvldni  caleulaiUiin  for  NuU**  F  =05*' 

In  order  to  assess  the  fall-off  behavior,  the  as- 
siK’iation  rate  k,  may  lx*  estimated  from  the  dy¬ 
namics  of  the  Na  -I-  Oj  encotinter.  Alkali  atom  re¬ 
actions  are  often  described  in  tenns  of  their  ionic 
character  which  leads  to  very  fast  reaction  rates  x'ia 
an  electron  jump  mechanism.*"  Ionic  furies  in  the 
alkali-oxygen  assixiations,  however,  are  not  as  dom- 
inanl  as  in  (ilher  alkali  atoin  reaction  meibanisms. 
.although  the  approaching  spieies  do  adialiaticallx 
transfer  from  the  incident  covalent  potential  surface 
to  an  knk'  sirfac'-  ti4titri(i  jum^i  aunhaiuMni  tfo* 
crossing  distance  (r,l  is  relatively  small  as  compared 
with  alkali-hakigen  systems  and  the  oxerall  associ¬ 
ation  rate  is  dominated  by  the  dispersion  interac¬ 
tion  on  the  covafont  potential  surface.  This  is  illus¬ 
trated  by  comparing  the  rate  ciaistant  hand  on  the 
product  of  the  mean  collision  x  ekxity-  and  the  elec¬ 
tron  jump  cross  scetkin  (modified  to  aieount  for  the 
clispc>rsiun  and  angular  momentum  terms  in  the  co¬ 
valent  potential  fniictiun).*'  to  a  rate  constant  com- 
|xitid  solely  front  a  ch»sc*  loHiskm  nnxfol,**  in  which 
all  collisions  surmounting  the  angular  momentum 
liarrier  of  a  O'®  potential  isintrihnte  to  the  rate. 
For  Na  -l-  O2  at  3(10  K.  an  electron  jump  rate  con¬ 
stant  iTr  =  2.6  k)  is  1.5  X  10' ciii*  s’*,  while 
the  ckise  collision  constant  is  5.9  x  10' cm*  s'*. 
Thus,  it  appears  that  the  rate  of  intermediate  tom- 
plex  forniatioii  for  reaction  (2)  is  governed  by  Kmg 

systems.  Once  formed.  iM'wexer.  these  intermedi¬ 
ates  are  certainly  ialkali’'(>2  ion  iiairs.**  In  either 
■  aw  the*  axsiataikii  rati-  ts>«s(au)  rs  t •^||^t(1l  k"  hi* 
l.ist  with  a  value  Ibr  k.  >10  *"  cm*  s'*. 

Using  a  xalne  lor  k,  =  2  x  |0  ud' s  E<| 
<3>  iiiay  lie  used  to  estimate  the  ratio  ol  the  ob¬ 
served  rate  constant.  k,a„.  to  the  true  third  order 
kiw  pressure  limit,  k...  .\t  the  maximon)  density  in 
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our  studies,  1.6  x  lO''  one  obtains  k,<hJKi 

=  0.93  which  indkates  that  our  e.speriments  are 
essentially  in  the  low  pressure  limit.  For  the  con¬ 
ditions  of  Husain  and  Plane^  (1.50  torr,  724  K),  this 
same  calculation  would  predict  k„hJk„  =  0.87.  For 
the  combustion  conditions  with  P  =  760  torr,  T  = 
20(X)  k  applicable  to  the  Hynes  et  al.  st>id>'.^’  (h>c 
obtaius  k,jn/k„  =  0.89.  Thus,  the  large  vabe  for 
1:.  would  indicate  that  Imth  of  these  studies  are  also 
essentially  in  the  low  pressure  limit  with  regard  to 
the  recombination  reaction. 
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COMMENTS 


A.  Fonfijn,  Rensselaer  Polytechnic  Institute.  USA. 
You  mentioned  some  work  you  did  on  the  temper¬ 
ature  dependence  of  reactions  of  NaOH  and  NaCI 
(e.g.,  with  H).  How  were  the  reactants  generated 
in  these  experiments? 

Authors'  Reply.  VVe  have  recently  completed  a 
study  of  rate  constant  measurement  for  the  reac¬ 
tions  of  NaOH  +  HCl  -*  NaCl  +  H;0.  and  NiiO 
+  HCl  -»  NaCl  +  OH.'  Both  alkali  reactants  an- 
formed  from  the  gas  phase  reaction  of  atomic  so¬ 
dium  and  hydrogen  peroxide.  Measurement  of  the 


alkali  products  was  done  by  converting  the  alkali 
molecule  to  atomic  sodium  in  the  detection  zone 
(by  addition  of  excess  atomic  hydrogen)  and  detec¬ 
tion  using  laser  induced  fluorescence. 
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DETERMINATION  OF  IDE  ABSOLUTE  RATE  CONSTANTS  FOR  THE  ROOM  TEMPERATURE 
REACTIONS  OF  ATOMIC  SODIUM  WITH  OZONE  AND  NITROUS  OXIDE 

Jo«l  A.  Silver*  and  Charles  E.  Kolb 
Center  for  Chemical  and  Environmental  Physics 
45  Hanning  Road,  Billerica,  MA  01821 

ABSTRACT 

The  reaction  of  atomic  sodium  with  osone  Is  Important  In  describing  the 
chemistry  of  the  lover  thermosphere  and  upper  mesosphere,  and  Is  directly 
related  to  the  observed  sodium  D-llne  emissions  at  589  on  In  these  regions  of 
the  atmosphere.  Ue  report  a  room  temperature  rate  constant  of  this  reaction 
to  be  (3.1  ±0.4)  X  cm^  molecule*^  s*^.  The  rate  constant  for  the  NaO  -f 

O3  reaction  Is  determined  to  be  about  2  x  10*^^  cm*^  molecule*^  s~^,  with  0.7 
±0.2  of  the  products  being  Me02  *  Oj,  and  tha  remainder  Me  203.  We  have 
elso  meesured  tha  rete  constant  for  Me  *  N2O  *  MeO  •f  M2  to  be  (7.7  ±0.9)  x 
lO*^^  cm^  molecule*^  s**^  et  295  K.  The  Impact  of  the  reectlons  with  osone  on 
the  mesopherlc  chemistry  of  alkali  metals  of  meteoric  origin  Is  discussed. 


*Present  eddress:  Southwest  Sciences,  Inc. 

1570  Pecheco  Street,  Suite  E-11 
Senta  Fe,  MM  87501 
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INTRODUCTION 


The  reaction  of  atomic  sodium  with  ozone  Is  of  fundamental  Importance  In 
understanding  the  chemistry  of  ablated  meteor  metals  In  the  lower 
thermosphere  and  upper  mesosphere.  It  Is  the  major  sink  for  atomic  sodium 
above  85  km  and  knowledge  oi  Its  rate  constant  Is  critical  for  modeling  the 
70>95  km  layer  and  In  understanding  the  processes  leading  to  the  sodium  D-llne 
Chapman  emissions. Despite  these  significant  modeling  efforts,  prior  to 
1982  almost  no  kinetic  data  existed  for  most  of  the  reactions  used  In  these 
models.  The  earlier  models  utilized  rate  constants  which  were  estimated  from 
analogy  with  atomic  hydrogen  reactions.  In  1976,  Rolb  and  Elgin pointed  out 
that  the  alkali  metal  atom  reaction  rates  are  often  much  faster  than  the 
analogous  hydrogen  reactions,  due  to  long-range  "electron- Jump**  processes. 
However,  It  has  only  been  In  the  last  few  years  that  direct  measurements  of 
alkali  rate  eonsunts  have  been  made  to  confirm  these  suggestions. 

In  this  paper  we  report  room  temperature  measurements  of  the  rate 
constants  for  the  reactions  of  atomic  sodium  with  ozone  and  nitrous  oxide, 

Na  +  Oj  ♦  NeO  +  Oj  AH*  •  -167  ±  42  kJ  mole“^  (1) 

Na  +  NjO  ♦  NaO  +  N2  AH*  -  -106  ±  42  kJ  mole"^  (2) 

We  also  present  Information  on  the  epproxlmate  rate  constant  and  product 
branching  ratio  for  the  reaction  of  sodium  monoxide  with  ozone. 
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(3a) 


NaO  +  0^  ♦  NaO^  +  0^ 
♦  Na  +  20^ 


(3b) 


These  and  other  recent  results  will  help  to  provide  a  clearer  picture  of  the 
chemistry  of  meteor  metals  in  the  mesophere. 


EXPERIMENTAL 

Rate  constant  deternlnatlons  are  made  in  a  fast-flow  reactor,  which  is 
illustrated  in  Figure  1  and  has  been  described  in  detail  elsewhere.^^ 

Briefly,  the  flow  reactor  is  a  7.26-cffl-diameter,  120-cm-long  alumina  tube, 
with  four  perpendicular  side  arms  at  the  tube  exit  which  permit  optical 
detection  of  the  flow  species*  Helium  carrier  gas  is  added  at  the  entrance  of 
the  flow  tube  through  mullite  multichannel  arrays  which  lamlnariae  the  flow* 
Gas  volumetric  flow  rates  are  determined  with  calibrated  thermal  conductivity 
type  mass  flow  meters*  A  calibrated  MRS  Baratron  Model  310-BHS  capacitance 
manometer  (0*HZ  accuracy)  ii  used  to  measure  pressure* 

Alkali  atoms  are  generated  by  heating  a  1  g  sample  of  metallic  sodium  in 
a  2*S-cm-dlameter  cylindrical  monel  oven  to  a  temperature  coomensurate  with 
attaining  a  vapor  pressure  of  10*^  to  torr  within  the  oven*  The  oven  is 

enclosed  in  a  4-cm-diameter  water-cooled  sheath  to  prevent  heating  of  the  main 
flow  carrier  gas*  The  sodium  vapor  is  entrained  in  a  small  flow  of  helium  and 
introduced  into  the  flow  tube,  where  dilution  by  the  carrier  gas  in  the  main 
flow  tube  restricts  the  sodium  concentration  in  the  reaction  zone  to  no  more 
than  10^°  cm-5* 
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Ozone  is  generated  just  before  each  experiment  in  a  commercial  ozonator 
(Welsbach  Model  T-408)  and  collected  on  silica  gel  at  196  K.  It  is  then 
pumped  on  for  a  few  hours  to  remove  any  remaining  O2.  It  is  eluted  into  the 
flow  tube  quartz  Injector  with  a  controlled  flow  of  helium.  The  ozone  flow 
rate  Isdetermined  by  UV  absorption  at  253.7  on  (using  a  Hg  pen  lamp  and 
interference  filter)  in  a  1.00-cm>long  stainless  steel  cell.  The  partial 
pressure  is  measured  using  Beer's  law  and  the  absorption  cross  section  of 
1.15  X  10~^^  cm^.^^  This  calculation  uses  a  cell  temperature  about  7*C  above 
room  temperature,  due  to  heating  of  the  cell  by  the  lamp.  The  total  pressure 
in  the  cell,  typically  700  **  760  torr,  is  measured  with  a  Validyne  pressure 
transducer.  There  arc  negligible  losses  of  ozone  during  transport,  via  Teflon 
tubing,  to  the  flow  tube,  in  the  2-neter-long  quartz  injector,  or  along  a  72 
cm  length  of  the  flow  tube.  This  was  ascertained  by  a  series  of  calibrations 
in  which  a  second  absorption  system  was  set  up  to  measure  O3  partial  pressures 
in  the  flow  reactor  detection  zone.  This  system  consisted  of  a  mercury 
resonance  lamp  (Spectroline) ,  with  the  253.7  nm  line  isolated  by  a  0.074  a 
nonochrometer  (PTR  Optics),  and  measured  by  a  photodiode  using  phase-sensitive 
detection.  After  correction  for  differing  path  lengths,  flows,  etc.,  the  O3 
concentration  in  the  flow  tube  matched  tf«t  in  the  cell  to  within  lOZ,  over 
all  flow  conditions  used  during  the  actual  rate  experiments. 

Detection  of  atonic  sodium  was  accomplished  in  two  ways,  either  by 
resonance  lamp  fluorescence  with  phase  sensitive  detection,  or  by 
laser- induced  fluorescence  using  a  gated  integrator.  At  the  low  levels  of 
atonic  sodium  reaching  the  detection  region  optical  trapping  is  not  a 
problem.  In  both  cases,  the  data  were  fed  to  an  IBM  X/T  computer  for  on-line 
collection  and  analysis. 
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All  rate  measurement  are  performed  with  O3  or  M2O  >  Na,  ensuring 
pseudo-first  order  kinetic  conditions.  Reaction  times  were  varied  from 
approximately  3  -  40  ms  for  the  ozone  reaction  and  1  -  30  ms  for  the  nitrous 
oxide  reaction.  Data  analysis  and  corrections  for  wall  loss  and  diffusion 
effects  were  made  as  described  In  previous  alkali  reaction  studies. 

The  purities  of  chemicals  used  In  these  experiments  are  as  follows: 
sodium  metal,  99.9SZ  (Alfa);  helium  for  O3  and  Na  flows,  99.998%;  helium  for 
main  flow,  99.995%;  oxygen,  99.99%;  hydrogen  chloride,  99.99%;  nitrous  oxide, 
99.0%;  and  carbon  monoxide,  99.8%. 


RESULTS 

Na  *  0^ 

The  reaction  of  atonic  sodium  with  ozone  forms  sodium  monoxide  as  a 
product. 


Na  +  O3  ♦  NaO  +  Oj  .  (1) 

However,  the  NaO  subsequently  reects  with  ozone,  to  produce  either  Na02  or  to 
reform  atonic  sodium, 

NaO  +  O3  ♦  NaOj  +  Oj  AH*  -  -282  t  47  U  mole"^  (3a) 

♦  Na  +  2O2  AH*  -  -119  1  42  kJ  moie"^  (3b) 
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If  the  branching  to  3b  is  significant,  the  observed  decays  of  sodium  would  not 
be  linear  (on  a  semilog  plot  of  signal  versus  reaction  time),  and  a  more 
complicated  data  analysis  would  be  required. 

We  suppressed  this  possible  complication  by  adding  hydrogen  chloride 
along  with  the  main  carrier  flow  in  concentrations  exceeding  that  of  O3  by  a 
factor  of  100.  The  reaction  of  NaO  with  HCl  produces  nonreactlve  MaCl,^^ 

NaO  +  HCl  NaCl  +  OH,  (4) 

so  that  the  observed  semilog  decays  of  atomic  sodium  become  linear  and  result 
only  from  reaction  1. 

Decays  of  Na  for  seven  concentrations  of  ozone  covering  the  range  of 

4.04«36.3  X  10^^  are  shoim  in  Figure  2.  These  were  made  for  pressures  of 

1.9S>2.31  torr  end  flow  velocities  of  1380-1635  css  s*^  at  293  K.  These  plots 

# 

are  linear  for  ever  four  orders  of  negnitude  of  sodium  concentration.  The 
first  order  decay  rates  obtained  from  the  slopes  of  the  lines,  corrected  for 
diffusion  and  wall  loss  (with  factors  ranging  from  1.66  to  1.90),  are  plotted 
versus  the  corresponding  O3  concentration  in  Figure  3.  A  least-squares  fit  to 
the  slope  of  this  line,  weighted  by  the  uncertainties  in  each  point,  results 
in  a  rate  constant  value  of  (3.1  ±0.4)  x  10'^*^  cm^  molecule*^  s~^  for  reaction 
1.  The  uncertainty  expressed  Includes  precision  errors  (one  standard 
deviation),  as  well  as  estimated  errors  in  accuracy. 

Our  Ne  *  O3  results  are  in  good  agreement  with  recent  aeesurements  by 
Husain  at  el.^^  who  measured  this  rate  constant  tc  be  4  ('t-4,  -2)  x  10'^*^  cm^ 
molecule*^  s'^  at  500  K  using  atomic  resonance  spectroscopy  following  pulsed 
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irradiation.  Howavar,  thay  did  not  take  into  account  any  effects  of  the  NaO  + 
O3  reaction,  so  that  their  result  Can  be  considered  only  qualitatively 
correct.  Our  results  are  a  factor  of  two  smaller  than  that  measured  by  Ager 
and  Howard, using  very  similar  experimental  techniques.  The  reason  for  this 
discrepancy  is  unclear. 

A  series  of  measurements  were  also  made  without  adding  HCl.  We  attempted 
to  fit  the  observed  curvature  in  theie  decays  with  a  model  containing 
reactions  1,  3a,  and  3b.  Tha  analytic  solution  for  [Na]  is  a  sum  of  two 
exponential  decay s,^^ 

[Na(x)]  ■  ae  +  ce 

where 

a,b,c,  and  d  are  algebraic  combinations  of  k]^,  k3«,  end  k3b,  and  x  ■ 

[03]!.  Sodium  profiles  (as  measured  at  the  detector)  from  this  calculation 
ara  plotted  as  a  function  of  [03]t  in  Figure  4,  along  with  tha  experimental 
data  takan  without  HCl.  The  values  used  for  the  rate  constants  are  those 
uncorrectad  for  diffusion  effects,  as  we  ara  trying  to  fit  raw  data.  However, 
these  corrections  are  straightfoward,  since  they  ere  approximately  independent 
(1.66<-1.90  for  this  data)  of  the  magnitude  of  the  observed  reaction  rate  in 
the  situation  of  unit  wall  loss  and  fast  radial  diffusion. We  also  assume 
that  the  wall  loss  rata  and  diffusion  corrections  arc  the  same  for  all  of  the 
molecular  sodium  specias  in  the  calculation.  One  set  of  solutions  is  shown  in 
Figure  4,  using  the  measured  value  of  k|  and  a  value  of  k3  equivalent  to  2  x 
cn^  molecule”^  s”^.  The  curves  illustrete  how  the  decay  varies  as  a 
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function  of  {(33/1(3.  Although  th«  fit  for  k.33/k3  >  0.7  Is  good,  the  shapes 
of  the  curves  vary  with  k3.  As  k3  is  decreased,  the  curves  break  away  from 
the  k3|,  -  0  curve  (e)  at  larger  values  of  [03]t,  and  flatten  out  more 
rapidly  for  corresponding  values  of  k33/k3.  Given  the  approximations  in 
this  calculation,  the  scatter  in  our  data,  and  the  ambiguity 
in  fitting  these  curves,  we  conclude  that  k3  is  approximately  2  X  10"^°  cm^ 
molecule'^  a”^  and  that  k33/k3  ■  0.7  ±0.2. 

NaO  4-  H^O 

The  reaction  of  atomic  sodium  with  nitrous  oxide  is  much  slower  than  with 
ozone.  Furthermore,  nonlinearities  in  the  semilog  plots  of  signal  versus 
reaction  time  are  not  observed,  demonstrating  then  the  reaction  of  NaO  with 
N2O  does  not  have  a  significant  atomic  sodium  product  channel.  Thirteen 
sodium  decays  were  measured  (of  which,  for  clarity,  seven  are  shown  in  Figure 
5)  for  e  nitrous  oxide  concentration  range  of  3.97  •  95.4  x  10^^  cm*^.  The 
flow  velocity  for  these  experiments  was  either  840  or  1240  cm  s~^,  at 
corresponding  pressures  of  1.52  end  2.23  torr.  The  overall  results  were  the 
sene  for  both  operating  conditions.  The  corrected  first  order  decays  obtained 
from  these  lines  (with  correction  factors  ranging  from  1.62  to  1.82)  ere 
plotted  versus  [N2O]  in  Figure  6.  The  resultant  rate  constant  for  this 
reaction  is  k2"  (7.7  +  0.9)  x  10"^^  cn^  molecule  s”^  at  295  K.  This  is  in 
excellent  agreement  with  an  extrapolation  to  room  temperature  of  results  of 
Husain  end  Marshall.^**  Their  value  of  k2  ■  (1.9  ±0.3)  x  10'^*^  exp  (-12.5 
±0.6  kJ/nole/RT)  cm^  molecule'’^  s~^,  was  measured  over  tht  '’ampcrature 
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m 


range  of  349  -  917  K.  This  also  agrees  with  a  room  temperature  result  of 
(8.2  ±1.5)  X  10~^^  cm^  molecule'^  s~^  of  Ager  and  Howard. 

DISCDSSION 

The  results  of  this  work  confirm  that  the  Na  -<■  O3  reaction  rate  constant 
approaches  the  gas  kinetic  limit,  agreeing  remarkably  well  with  3.3  x  10**^° 
cm^  molecule*^  s"^  predicted  by  Kolb  and  Elgln^^  using  an  electron-jump 
model.  Unlike  ozone,  N2O  Is  an  18-electron  closed  shell  molecule  and  despite 
a  large  exo thermic Ity,  exhibits  a  moderate  activation  energy,^**  leading  to  a 
lower  value  for  the  room  temperature  rate  constant.  This  sctlvatlon  energy 
might  be  explslned  by  the  Increase  of  reectlve  cross  section  with  Increasing 
vlbretlonsl  excltstlon,  Ir  correlation  with  the  Increasing  stability  of  a  bent 
N^O**  structure  as  predicted  by  Uelsh's  rules,  as  previously  observed  with 
reactions  of  H2O  with  Ba  and 

The  fete  of  neutral  sodium  as  It  enters  the  aesophere  Is  Illustrated  In 
Figure  7.  Above  85  km.  It  reacts  primarily  with  ozone  to  form  NeO,  which 
subsequently  reacts  with  atomic  oxygen  to  produce  both  ground  state  and 
electronically  excited  sodium  atoms.  This  latter  process  leads  to  the 
observed  D-llne  emission  of  sodium  at  589  tm.^  Below  85  km,  the  termoleculer 
recombination  with  O2  dominates,  forming  Ne02.  This  molecule  can  react  with 
etomlc  oxygen  to  form  NeO,  which  Is  rapidly  converted  to  NeOH  by  reaction  with 
820.^^  It  Is  still  uncertain  whether  NaOH  is  the  major  alkali  spades  below 
70  km,  or  If  both  NeO 2  and  NeOH  ere  significant.  This  depends  on  the  rate 
constant  for  Ne02  NeO  ’*■02,  and  on  the  photolysis  rates  for  NeO,  NeOj 

and  NeOH,  which  have  not  yet  been  directly  measured. 
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In  conclusion,  we  have  confirmed  that  the  reaction  of  ozone  with  atomic 
sodium  at  room  temperature  Is  near  its  gas  kinetic  limit,  strengthening  the 
recent  model  predictions  for  the  partitioning  of  alkali  species  In  the 
mesosphere  and  upper  stratosphere.  Although  much  remains  to  be  done,  our 
understanding  of  atmospheric  chemical  cycles  Involving  metals  of  meteoric 
origin  has  significantly  Improved  in  the  past  few  years. 
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FIGURE  CAPTIONS 


1.  Illustration  of  fast  flow  raactor  In  which  thesa  rata  constant 
maasu reman ts  wera  made. 

2.  Pseudo  first-order  decays  for  the  Na'K)3  reaction  In  the  presence  of 
hydrogen  chloride.  [O3]  -  5.04,  (O),  5.34  (•),  8.64  O,  17.2  (■),  17.3 
(Cl),  21.8  (A),  36.3  (0);  units  of  10 “  cn“^ 

3.  Dependence  of  corrected  pseudo-first-order  rate  constant  on  O3 

4 

concentration  at  293  K 

4.  Plot  of  computed  curves  for  observed  Na  decay  as  a  function  of  [03]t 

for  a  variety  of  values  of  This  calculation  uses  3.1  x 

10“*®  cn^  molecule”^  s“^,  and  k2  ■  2  x  10“^®  ca^  molecule*’^  s”^. 
k3g/k3  -  a)  0;  b)  0.5;  c)  0.7;  d)  0.9;  e)  k3b  •  0. 

5.  Pseudo-first-order  decays  for  the  Na'H)20  reaction.  [N2O]  ■  3.97  (0)» 
10.8  (•),  24.0  O,  35.5  (B,  48.7  (A),  61.2  (A),  95.4  (0);  units  of 
10^3  an-3. 

6.  Dependence  of  corrected  pseudo-first-order  rate  constant  on  N2O 
concentrations  st  295  K. 

7.  Schematic  Diagram  for  Mesospheric  Sodium  Chemistry. 
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SECTION  4 


GAS-PHASE  REACTION  RATE  OF  SODIUM  HYDROXIDE 
WITH  HYDROCHLORIC  ACID 
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The  reactions  of  metallic  species  introduced  into  the  atmosphere  by  meteor  ablation  may  play  a  signincani  role  in  stratospheric 
chemistry.  In  particular,  it  has  been  suggested  that  the  reaction  of  NaOH  with  HCI  might  affect  the  concentration  of  odd 
chlorine,  thus  having  an  impact  on  the  ozone  balance.  This  paper  describes  the  first  measurement  of  this  reaction  rate  constant. 
At  308  K,  we  find  that  k  <■  (2.8  d;  0.9)  x  I0''*cm’  molecule’*  s*'.  As  a  result  of  the  methods  developed  to  perform  this 
measurement,  we  have  also  determined  estimates  of  the  following  room  temperature  rale  constants  in  units  of  cm*  molecule’' 
s-':  iKNaO  +  HCI  -  NaCI  +  OH)  s*  2.8  x  lO  '®.  A(NaOH  +  H  -  Na  +  H,0)  >  4  X  lO"'*.  iKNaCI  +  H  Na  +  HCI) 
av  5  X  lO"^'**".  and  ilt(Na  +  H;Oj)  »  6.9  x  I0'".  where  approximately  0.6  of  the  reactions  produce  NaOH  +  OH.  with 
the  remainder  forming  NaO  4-  HjO. 


iRtrodKtkM 

Metallic  elements  volatilized  during  meteor  entry  into  the 
Earth's  upper  atmosphere  play  a  significant  role  in  the  structure 
of  the  D  and  E  regions  of  the  ionosphere,''^  and,  at  least  in  the 


(I)  E.  Murad.  J.  Gtopkys.  Res.,  83.  5525  (1978). 


case  of  sodium,  the  visible  day  and  nighlglow  emissions  from  (he 
mesosphere  and  lower  (hermosphere.^*  Recently,  it  was  suggested 


(2)  T.  L.  Brown,  Chtm.  Rk..  73.  645  (1973). 

(3)  J.  E.  BUmont  and  T.  M.  Donahue,  J.  Geophys.  Res..  69. 4093  ( 1964). 

(4)  D.  M.  Hunien.  Space  Sd.  Rev..  6.  493  (1967). 
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flgvTC  1.  Schematic  diagram  of  atmospheric  sodium  chemistry 


that  sodium  and  other  meteor  metals  may  be  important  in 
stratospheric  chemistry  by  affecting  ozone  reduction  by  the 
catalytic  chlorine  cycle.*^ 

The  influx  of  meteor  metals  into  the  upper  atmosphere  has  been 
estimated*  to  be  3.5  X  10*  kg  yr''.  with  a  sodium  abundance  of 
2%  leading  to  a  calculated  sodium  flux  of  1 .2  X  10*  atoms  cm*^ 
s'*.  Other  estimates  of  sodium  flux  run  as  high  as  2  X  10*  cm*^ 
s''.'"  The  flux  of  other  metallic  species  such  as  Mg,  Ca,  Al,  Si, 
and  Fe  will  be  as  much  as  10  times  higher  and  speculative  concerns 
about  their  influence  on  upper  atmospheric  homogeneous  and 
heterogeneous  chemistry  have  been  published.''*  ’**  '® 

Unfortunately,  all  attempts  to  model  the  role  of  volatilized 
meteor  metals  (particularly  sodium)  in  the  mesosphere  and 
stratosphere*'*  ’-*'"  have  suffered  from  an  almost  total  lack  of 
measured  rate  constanu.  All  such  models  start  with  the  oxidation 
of  sodium  or  other  metallic  species  in  reaction  with  atmospheric 
0, 02,  or  O3.  However,  the  only  measured  chemical  rate  constants 
currently  available  for  any  alkali  meteor  metal  oxidation  reactions 
are  those  for  the  three-body  recombination  reactions  of  alkali 
atoms  (Na,  K)  with  Oj'*'" 

NaorK-l-Oj  +  M  — NaO,orKOj+ M  (1) 


(5)  (a)  V.  W.  J.  H.  KirchhofT,  B.  R.  Ckmesbi,  ind  D  M.  Simonirh.  J 
Ctophys.  RtS;  14,  1323  (1979);  (b)  D.  R.  Bstet  ind  P.  C.  Q^ba,  Haiunt 
iLondon),  m,  790  (1990). 

(6)  E.  E.  Ferguson,  Cto^ys.  Rts.  Lett.,  S,  1033  (I97S) 

(7)  E.  Murad  and  W.  Swider,  Ctophys.  Rts.  Un..  S,  929  (1979). 

(I)  E.  Murad,  W.  Swider,  and  S.  W.  Benson,  Halurt  (London),  IB9, 273 
(1981). 

(9)  E.  S.  Rkhler  and  C.  F.  Scchrisi,  Jr.,  J.  Almos.  and  Ttrr.  Rhys.,  41, 
379  (1979):  Ctophys.  Rts.  Uil.,  S,  183  (1979). 

(10)  S.  C.  Uu  and  G.  C.  Reid,  Ctophys.  Rts.  tan.,  S,  283  (1979). 

(I I)  (a)  W.  J.  Baggaley, NMitrt  (London),  257, 567  (1975);  (b) iM.,  297, 
376  (1977);  (c)  M.  A.  Hapgood,  ibid.,  2S6,  582  (1980). 

(12)  V.  W.  J.  H.  Kirchhofr,  B.  R.  Oemesha,  and  D  M.  Sinrauich,  J 
Ctophys.  Rts.,  16,  6892  (1981). 

(13)  N.  D.  Sk,  M.  K.  W.  Ko,  W.  Swider,  and  E  Murad,  Ctophys.  Rts. 
Lett  ,  9.  1187  (1982). 
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(15)  L.  Hioinas,  M.  C.  Isberwood,  and  M.  R.  Bowman,  J.  Almos.  Ttrr. 
PAyj.,  4$,  587  (1983). 
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In  fact,  until  2  years  ago,  even  this  reaction  was  thought  to  be 
~  1000  times  slower'*"*®  than  the  value  found  in  the  more  recent 
measurements. 

From  the  recent  modeling  work’  *-'®-' *•*'  **  and  comparison  of 
these  models  with  atmospheric  measurements,'*''**"  neutral  so¬ 
dium  is  believed  to  be  transformed  via  a  series  of  chemical  re¬ 
actions  involving  NaO  and  NaO}  intermediates  to  NaOH.  A 
survey  of  the  relevant  literature*"*  '®-"  provides  a  fairly  complete 
list  of  possible  neutral  sodium  reactions  of  importance,  and  a 
simplifled  schematic  diagram  of  these  reactions  is  shown  in  Figure 
1. 

Neutral  sodium  appears  in  a  range  between  1 10-  and  70-k;'i 
altitude.  As  shown  in  Figure  1,  the  main  removal  mechanisms 
are  by  reaction  with  O2  or  O3,  the  latter  used  by  Chapman**  to 
explain  the  Na  nightglow.  We  have  recently  completed  tem¬ 
perature-dependent  measurements  of  the  reaction  rates  with  O; 
in  our  laboratory  which  show  that  this  reaction  proceeds  with  a 
fast  three-body  rate  constant  of  1.9  x  10'*®  cm*  s"'  with  Nj  as 
the  third  body  at  300  K.'*  This  leads  us  to  believe  that  most  of 
the  Na  in  the  lower  mesosphere  is  converted  to  NaOj,  since  the 
three-body  recombination  rate  with  O2  exceeds  even  a  gas  kinetic 
two-body  rate  with  O3  below  80  km.  Since  none  of  the  remaining 
rates  have  ever  been  measured,  the  rest  of  the  mechanism  (as 
proposed  by  various  models)  is  speculative.  However,  the  dominant 
sodium  species  which  leave  the  mesosphere  and  enter  the  stra¬ 
tosphere  are  probably  NaOH  and/or  Na02. 

The  fate  of  NaOH  is  very  uncertain.  Indeed,  only  in  the  past 
few  years  has  NaOH  been  recognized  as  a  major  reaction  product. 
Ferguson*  suggested  that  it  forms  NaOH  cluster  ions  of  the  form 
H*(NaOH),(H20)„,  which  either  may  be  rained  out  from  the 
troposphere  or  removed  in  the  s'ratospheric  aerosol  layer.  In  a 
recent  paper  by  Murad  et  al.,'  it  was  proposed  that  the  reactions 
of  melal  hydroxides  (and  superoxides)  with  chlorine  compounds 
between  40  and  70  km  may  have  an  impact  on  the  depletion  of 
stratospheric  ozone.  In  the  case  of  sodium,  the  exothermic  bi- 
molecular  reactions 

NaOH  +  HCI  —  NaCI  +  H2O 

(2) 

A//*,  * -133  ±  13  kJ  mol-' 

NaOH  +  CIO  -  NaCl  +  HOj 
A//*,  - -«3  ±  15  kJ  mol-' 

NaOH  -I-  Cl  —  NaCl  +  OH 
A//*,  » -«7  ±  13  kJ  mol-' 

might  be  expected  to  proceed  rapidly  and  act  as  a  sink  for  Cl, 
given  that  NaCl  can  readily  polymerize  and  condense  via  het¬ 
erogeneous  nucleation.*  Murad  et  al.  calculated  th^t  if  were 
~  10""  cm’  molecule''  s'',  then  the  reaction  of  NaOH  with  HCI 
would  be  comparable  to  the  major  recognized  Cl  regeneration 
mechanism 

OH  +  HCI  -  Cl  +  H2O  (5) 

While  previously  published  studies  have  viewed  NaCl  as  a  potential 
sink  for  stratospheric  chlorine,’'*  more  recent  analyses  by  Row- 
'land**  indicate  that  photolysis  of  NaCl  may  in  fact  release  free 
Cl.  Given  the  potentially  large  7  values  (ph^olysis  rates)  for  this 
process,**  reactions  2-4  could  effectively  supplement  reaction  5 
as  a  release  mechanism  for  Cl  from  the  inactive  HCI  stratospheric 
reservoir  and  thereby  determine  the  extent  to  which  ozone  might 
be  depleted  by  chlorine  compounds  in  the  stratosphere.  However, 


(19)  R.  Ciribetu  and  W.  E  Kaskan.  J.  Rhys.  Chtm.,  72.  2483  (1968) 

(20)  M  J.  McEwan  and  L.  F.  Phillips,  Trans.  Faraday  Soc.,  62,  717 
(1966) 

(21)  C.  E  Kolb  and  J.  B.  Elgin,  Saturt  (London),  263,  488  (1976). 

(22)  D.  M.  Simonich,  B.  R.  Clemcsha,  and  V.  W.  j.  H.  Kirchhort,  J. 
Ctophys.  Rts.,  84.  1543  (1979). 

(23)  S  Chapman,  Astrophys  J.,  96.  309  (1939) 

(24)  F.  S.  Rowland  and  P.  J.  Rogers,  Rroc.  Sail.  .Acad.  Sci  C.S.A.,  79, 
2737  (19821 


Gas*Pba$e  Reaction  of  NaOH  with  HCI 


Fifiirtl  Schematic  view  of  the  How  tube 


to  understand  fully  the  role  of  alkali  species  in  the  atmosphere. 

ust  also  consider  the  effects  of  NaO^  and  NaOH  photo¬ 
dissociation  on  these  processes.’’'^’ 

The  purpose  of  this  study  is  to  provide  a  direct  experimental 
rate  measurement  of  the  reaction  NaOH  HC!  -»  NaC!  4-  HjO. 
which  serves  as  a  starting  point  for  understanding  the  stratospheric 
role  of  sodium  and  other  meteor  metals.  Only  by  obtaining 
accurate,  directly  measured  rate  constants  can  we  hope  to  un¬ 
derstand  atmospheric  metal  chemistry,  and,  in  particular,  how 
this  chemistry  affects  the  ozone  balance. 

Experimcatal  Sectioa 

Very  little  gas-phase  research  has  been  done  on  alkali  hydroxides 
because  they  are  difficult  to  vaporize,^  are  extremely  corrosive,-’ 
and  readily  dimerize  in  the  gas  phase.^'  In  addition,  there  are 
no  established  detection  techniques  sensitive  enough  to  allow 
kinetic  analyses  of  alkali  hydroxide  reactions.  With  this  in  mind 
we  have  taken  an  indirect  approach  for  producing  and  detecting 
NaOH.  i.e.,  chemical  production  of  NaOH  by  the  reaction  of 
atomic  sodium  with  hydrogen  peroxide,  and  detection  of  NaOH 
by  chemical  conversion  back  to  atomic  sodium,  which  is  then 
observed  by  laser-induced  fluorescence. 

The  measurements  were  performed  in  the  Aerodyne  high- 
temperature  fast-flow  reactor,  which  is  fully  described  in  ref  29 
and  whose  relevant  features  are  illustrated  in  Figure  2.  Briefly, 
a  7.26-cm-diameter.  120-cm-long  alumina  tube  is  used,  fitted  with 
Kanthal  heater  elements  which  can  radiatively  heat  the  tube  over 
the  temperature  range  294-lSOO  K.  Four  perpendicular  alumina 
side  arms  at  the  tube  exit  permit  detection  of  flow  species  by  a 
variety  of  optical  techniques,  including  laser-  or  resonance 
lamp-excited  fluorescence,  infrared  absorption  (either  broad  band 
or  high  resolution),  and  observation  of  chemiluminescence.  Gas 
temperatures  are  obtained  with  chromel-alumel  or  shielded  W-S*? 
Re — W'-26%  Re  thermocouples.*  Extensive  calibrations  indicate 
the  temperature  can  be  measured  with  an  accuracy  of  dklO  K  over 
the  entire  operating  range  of  the  reactor  for  flow  Reynolds 
numbers  below  SOO;  for  the  current  experiments  they  are  typically 
below  50.  The  gas  is  pumped  by  a  Kinney  KMBD  1602  me¬ 
chanical  pump  and  Roots  blower  with  an  effective  pumping  speed 
of  4S0  L  s'*.  The  helium  carrier  gas  is  added  at  the  entrance  of 
the  flow  tube  through  mullite  multichannel  arrays  which  lami- 
narize  the  flow.  These  are  ^2.5-cm  upstream  of  the  outlet  of 


(25)  F.  S.  Rowland  and  Y.  Makide,  Gtophys.  Rrs.  Leii.,  9. 4T3  (1982). 

(26)  "JANAF  Thcrmochemical  Tables'.  The  Dow  Chemical  Compan) 
Midland.  MI.  1970. 

(27)  N.  Acquisia  and  S.  Abramowiiz.  J.  Chtm.  Fhys..  SI,  291 1  (1969) 

(28)  R.  C.  &hoooinaker  and  R.  F.  Porter,  /  Ckem.  PA>'i..  It,  454(1958) 

(29)  M.  E.  (jcrah,  J.  A.  Silver.  M.  S.  Zahniser.  C.  E.  Kolb,  R.  G.  Brown. 
C  M.  Gozewski,  S.  Kallelis,  and  J.  C.  Wormhoudl.  Rtt,  Sd.  Iiulrum .  S2. 
1215 (1981) 
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the  reactant  inlet  tube  and  78  cm  from  the  detection  region.  This 
allows  sufficient  distance  (18  cm)  for  the  helium  flow  lu  mix  with 
the  reactants  and  develop  a  parabolic  veliK'iiy  profile  before 
reaching  the  reaction  zone.  Gas  volumetric  flow  rales  are  de¬ 
termined  with  calibrated  thermal  conductivity  type  mass  flow 
meters.  Flow  speeds  can  be  varied  from  4  lo  100  ni  s  '  .A 
calibrated  MKS  Baratron  Model  3I0-BS1II0  capacitance  ma¬ 
nometer  (0.8%  accuracy)  is  used  to  measure  pressure. 

Alkali  atoms  are  generated  by  heating  the  sample  in  a  2.5- 
cm-diameter  cylindrical  monel  oven  to  a  temperature  commen¬ 
surate  with  attaining  a  vapor  pressure  of  that  species  of  10  ''  lo 
10-*  torr  within  the  oven.  The  oven  is  silver  plat^  to  resist  alkali 
corrosion.-’  The  vapor  is  entrained  in  a  flow  of  inert  carrier  gas 
and  introduced  into  the  flow  tube  through  a  lO-em  section  of 
19-mm  o.d.  silver  tubing.  The  sodium  vapor  is  further  diluted 
by  the  carrier  gas  in  the  main  flow  tube  so  that  the  sodium 
concentration  within  the  reaction  zone  is  always  less  than  10'^* 
cm'’.  For  wall  removal  rate  measurements  the  entire  oven  as¬ 
sembly  may  be  placed  downstream  of  the  mulliie  arrays  as  a 
movable  source.  Since  the  oven  is  heated,  it  warms  the  main 
carrier  gas  flow  slightly.  Axial  temperature  surveys  in  the  reaction 
region  show  that  the  final  flow  temperature  profile  is  uniform  at 
a  value  of  308  K. 

Sodium  hydroxide  is  produced  via  the  reaction 
Na  +  HjOj  -  NaOH  +  OH 
= -130  ±  13  kJ  mol-' 

The  H2O2  is  added  upstream  of  the  irullite  arrays  with  the  main 
carrier  gas.  An  all  glass  and  teflon  inlet  system  is  used  to  prevent 
decomposition  of  H-Oj  between  its  reservoir  and  the  flow  tube. 
Flow  rates  of  HzOj  are  determined  by  entraining  the  vapor  in  a 
measured  helium  flow  at  a  known  total  reservoir  pressure,  where 

HjO-  flow  ■  (/’n,o,/f,jui)(He  flow  through  system)  (7) 

The  partial  pressure  of  HjO;  at  25  *C  is  2.0  torr. 

Detection  of  NaOH  is  accomplished  by  converting  it  back  to 
atomic  sodium  in  the  detection  region,  where  the  sodium  is 
measured  by  laser-induced  fluorescence  (LIF).  This  conversion 
is  accomplished  by  injecting  an  excess  of  atomic  hydrogen  into 
(he  flow  2-cm  upstream  of  the  LIF  detector. 

NaOH  +  H  *  Na  H,0 

(8) 

SH*,  -  -154  ±13  kJ  mol  ‘  ’ 

Na  -F  6»>  -•  Na*  -*  Sa  +  he  LIF  detection  (9) 

The  hydrogen  atoms,  produced  by  microwave  discharge  of  pure 
molecular  hydrogen,  are  introduced  through  a  icflon-lined  6- 
mm-diameter  tube.  With  the  mean  flow  velocity  of  KXX)  cm  s  ', 
the  reaction  time  of  hydrogen  in  the  detector  (r^)  is  2  ms.  The 
atomic  hydrogen  concentration  is  estimated  to  be  2  x  10'*  cm 
by  measuring  the  H.-  flow  rate  and  assuming  that  10%  of  the  H^ 
passing  through  the  discharge  dissociates.”  with  no  recombina¬ 
tion'*  or  loss  on  the  inlet  tube  walls.” 

A  Molectron  DLI4  nitrogen  pumped  dye  laser  is  used  for 
laser-induced  fluorescence  detection  of  Na.  The  laser- induced 
fluorescence  data  acquisition  system  and  manipulation  of  data 
have  been  detailed  elsewhere.”  However,  it  should  he  noted  that 
fluorescence  is  usually  averaged  over  100  laser  pulses,  aecounting 
for  nonfluorcscent  background  signals  and  for  pulse-to-pulse 
fluctuations  in  laser  intensity.  The  eombtned  signal-io-noise  r.itio 
for  these  measurements  generally  exceeds  25. 

Purities  of  the  chemicals  used  in  these  experiments  are  as 
follows:  sodium  metal,  99.95%  (Alfa);  helium,  99.995* 
(Northeast  Cryogenics);  hydrogen.  99.995%  (Air  Prixlucts);  ni¬ 
trogen,  99.998%  (Northeast  Cryogenics);  and  hydrogen  chloride. 
99.99%  (Northeast  Cryogenics).  Hydrogen  peroxide,  obtained 


(31)  W  E  Jones.  S.  0.  MacKiught.  and  L.  Teng.  Chtm.  Ret  ..  73.  407 
(1973) 

(32)  D.  W.  Trainer.  0.  O.  Ham.  and  F.  Kaufman.  J  Chem  Fhis..  SI. 
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TABLE  I;  Ty|rical  ExptriiMatat  CgadliioM 


temp.  K 

flow  velocity,  m  s*' 
press.,  torr 
(Na),  cm*’  (initial) 
[H.O2I.  cm-> 
{HCI],cm-> 

[H).  cm-> 


308 

10.0 

2.0 

<10‘« 


1.3  X  10” 
(1-4)  X  10” 
2  X  10'* 


as  a  90%  (by  weight)  solution  from  FMC  Corp.,  is  purifted  by 
vacuum  distillation.  Titration  with  potassium  permanganate 
indicates  a  resulting  purity  on  the  order  of  99%.  This  corresponds 
to  a  purity  in  the  vapor  phase  of  ->■93%.  with  the  balance  being 
water  vapor. 

Rate  measurements  are  made  with  one  reactant  in  excess  of 
the  other  (detected)  reactant,  thus  ensuring  pseudo-first-order 
kinetic  conditions.  Reaction  times  are  varied  by  changing  the 
injector  position  at  fixed  total  flow  velocity  and  pressure.  Cor¬ 
rections  for  both  axial  and  radial  diffusion  and  wall  removal  are 
made  with  the  procedure  outlined  by  Brown.’*  This  method  is 
based  on  a  numerical  solution  of  the  equations  describing  diffusion 
and  reaction  in  a  flow  tube.  It  assumes  that  Poiseuille  flow  exists 
and  provides  ranges  for  k,  k,  (wall  removal),  and  0  (diffusion 
coefficient)  for  which  the  solutions  have  been  shown  to  be  valid. 
Wall  removal  rates  of  the  measured  species  are  determined  in 
separate  experiments  by  varying  the  oven  position.  The  observed 
wall  removal  rate,  as  well  as  the  reaction  rate,  is  corrected  for 
diffusion  effects.  Diffusion  constants  for  alkali  atoms  and  hy¬ 
droxides  were  obtained  from  wall  removal  measurements  in  the 
instance  where  the  observed  disappearance  of  the  species  is  dif¬ 
fusion  limited.”  At  308  K,  D(Na-He)  »  0.50  atm  cm’ s"'  and 
ZHNaOH-He)  »  0.47  atm  cm’ s"'. 

An  important  aspect  of  the  dau  analysis  is  the  ability  to  ensure 
that  secondary  reactions  have  nc  effect  on  the  concentration  of 
the  species  being  monitored.  This  could  dramatically  affect  the 
accuracy  of  the  rate  measurements.  The  effects  of  secondary 
reactions  are  determined  by  modeling  the  reactions  occurring  in 
the  flow  tube.  This  is  done  with  the  Aerodyne  package  code.” 
a  kinetic  modeling  program  which  numerically  integrates  the 
differential  rate  equations  for  a  specified  set  of  reactions. 
Backward  reaction  rates  determined  from  the  JANAF  thermo¬ 
chemical  tables  and  the  forward  rates  are  included,  to  ensure  that 
accuracy  is  maintained. 

Rcurils 

Sa  +  H;0;  Reaction.  The  NaOH  formation  rate  was  measured 
by  directly  observing  the  diuppearance  of  sodium,  with  HjO]  in 
known  excess.  The  reaction  has  two  exothermic  product  channels 


Na  +  H,0,  —  NaOH  +  OH 

A«*,  ■  -130  *  13  kJ  mol  ' 

(6) 

Na  +  H,0,  ->  NaO  +  H,0 

A«*,  --I30±  42  kJ  mol  ' 

(6') 

so  what  is  measured  by  monitoring  Na  disappearance  is  the  total 
reaction  rate.  However,  one  can  add  excess  CO  ( ->  2  X  I O”  cm'’), 
which  rapidly  and  quantitatively  converts  NaO  to  Na”'” 

NaO  +  CO  —  Na(’S)  +  CO, 

(10) 

-  -259  i  42  kJ  mol  ' 

NaO  +  CO  -  Na(’P)  +  CO, 

(10') 

A.V,  -  -56  ±  42  kJ  mol  ’ 


(34)  R.  L.  Brown,  J.  Res.  Bur.  Siand..  U.  I  (I97tl 

(35)  1  A.  Silver.  manuKripi  in  prepsralion. 

(36)  V.  YoascHan.  M.  H.  Weinber|,  and  R.  Hainves.  'packver;  A 
Compulcr  Profram  for  Cakulalion  of  Pariial  Chemical  Equilibrium/Pirtial 
Finile  Chemical  Rate  Conirolled  Compoailion  of  Muliiphai^  Mivlurei  Under 
One  Dimensional  Sieady  Dow*.  .Aerodvne  Researeh.  Inc..  Report  No. 
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(37|  C.  P  Fenimore  and  J.  R  Kebo. ./.  .-Im.  Chem  Soi’ .  72.  5045  (I9V0) 
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Dpire  3.  Pseudo-Firsi-order  decays  for  Na  +  HjO;  reaction  The  solid 
line  is  the  total  reaction  rale,  the  dashed  line  is  the  rate  for  branching 
to  NaOH  only  (CO  added) 

Although  the  value  for  k,o  has  not  been  measured,  indirect  es¬ 
timates  from  ref  37  imply  tie  >  10  ”  cm’  molecule"'  s The 
large  amount  of  CO  added  is  required  to  ensure  that  all  of  the 
NaO  cycles  back  to  Na  on  a  time  scale  much  shorter  than  the 
time  required  for  reaction  6  to  occur. 

A  rate  measurement  with  CO  present  results  in  the  production 
rate  for  only  the  NaOH  branch.  The  results  of  these  measure¬ 
ments  are  shown  in  Figure  3.  Experimental  conditions  are  given 
in  Table  I.  The  rate  constant  for  both  channels  is  *  (6.9 
6  3.0)  X  10'”  cm’  molecule''  s'',  and  the  fraction  in  the  NaOH 
product  channel  is  0.61  16  0. 1 0.  The  major  uncertainty  in  the  rate 
constants  and  k^  is  the  H-Oj  concentration,  which  is  not  directly 
measured  but  is  obtained  as  indicated  earlier. 

An  independent  determination  of  the  product  branching  ratio 
for  reaction  6  is  obtained  by  observing  the  hydroxyl  radical  via 
laser-induced  fluorescence  at  308.6  nm.  When  Na  reacts  with 
H,0,,  only  the  NaOH  product  channel  produces  OH.  However, 
when  excess  HCI  is  added  to  the  NaO  and  NaOH  product 
mixture,  additional  OH  is  formed  by  the  reaction 

NaO  +  HCI  -  NaCI  +  OH 

A//*,  - -134  i  42  kJ  mol'' 

Thus  a  measurement  of  the  amounts  of  OH  produced  before  and 
after  addition  of  HCI  provides  the  relative  amounts  of  NaOH  and 
NaO  originally  form^  from  Na  +  HjOj.  The  observed  NaOH 
product  fraction  by  this  method  is  O.M  Ik  0.10,  in  excellent 
agreement  with  the  value  obtained  from  the  rate  measurements. 

SaOH  +  HCI  Reaction.  In  the  presence  of  excess  (  O,  ihe 
reaction  of  sodium  with  hydrogen  peroxide  produces  only  NaOH. 
With  this  reaction  used  as  a  source  for  NaOH.  a  series  of  rale 
measurements  were  made  for  the  reaction  of  NaOH  wiih  MCI. 
First-order  decays  were  linear  for  more  than  a  factor  of  10  in 
tluorescence  signal,  with  the  HCI  concentrations  ranging  from 
I  X  10'’  to  4  X  10'’  cm"’  The  results  of  these  experiments  are 
shown  in  Figure  4,  and  the  rate  constant  for  this  reaction  is  k- 
*  (2.8  :fe  0.9)  X  10  "'cm'  molecule  '  s  '.  The  uncertainty  ex¬ 
pressed  includes  estimated  precision  errors  -it  a  contiJence 
level,  as  well  as  estimated  errors  in  accuracy. 


Gas-Phase  Reaction  of  NeOH  with  HCI 
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HCI  CONCENTRATION  (1o'^  molMUlM  em'^) 

F1(Mr«  4.  Firsi-order  reaction  rales  vs.  (HCI)  for  ihe  reactions  of  NaOH 
(NaO)  *  HCI:  (O)  without  CO  add^:  (T)  with  CO  addel. 


Separate  measurements  were  also  made  without  addin;  CO 
In  this  case  NaO.  in  addition  to  NaOH.  is  present  and  reacts  with 
HCI  (reaction  1 1 ),  complicating  the  analysis.  Furthermore,  the 
detection  scheme,  based  on  conversion  to  Na  by  addition  of  atomic 
hydrogen,  would  not  appear  to  distinguish  between  NaO  and 
NaOH,  since  Na  atoms  are  also  produced  in  the  reaction 

NaO  +  H  -  Na  +  OH 
AW*, --155  ±42  kJ  mol  ' 

Thus,  without  CO.  the  decrease  in  signal  upon  addition  of  HCI 
is  due  to  both  reactions  2  and  II.  weighted  by  the  branching  ratio 
from  reaction  6.6'.  The  results,  however,  show  the  ume  decay 
with  and  without  added  CO  (see  Figure  4),  implying  that  both 
NaO  and  NaOH  react  with  HCI  at  approaimately  the  ume  rate. 
This  observation  is  reasonable  if  one  considers  the  hydroxyl  group 
on  NaOH  to  act  u  a  quasi-atom  in  respect  to  iu  chemical  b^vior 
given  identical  exothermicities  for  both  reactions. 

Separate  OH  measurements  confirm  that  atomic  hydrogen 
reacts  with  NaO  as  well  as  with  pure  NaOH.  Although  we  could 
not  measure  the  NaO  4-  HG  rate  consunt  directly,  the  observation 
that  ( I )  OH  is  formed  in  the  NaO  *  H  reaction  (proving  the 
existence  of  NaO),  (2)  OH  is  also  formed  upon  addition  of  HCI 
to  NaO.  and  (3)  the  decay  rates  with  added  HCI  are  identical 
both  with  or  without  CO.  imply  that  NaO  reacts  with  HCI  at 
approximately  the  ume  rate  as  NaOH  with  HCI. 

Detector  Corrtctiotu  and  Modeling.  Although  the  plots  of  In 
(signal)  vs.  reaction  time  arc  linur  over  the  first  order  of  ntag- 
nitude  decreau  in  signal,  at  longer  times  they  lUtten  out  at  a  value 
typically  a  few  percent  of  the  initial  (zero  reaction  time)  signal 
(Figure  S).  This  effect  can  be  attributed  to  an  additional  com¬ 
ponent  to  the  Na  signal  from  the  reaction 

NaCI  +  H  -  Na  +  HCI  AW,  -  -21  ±  2  kJ  mol  '  <I3) 

For  the  case  with  CO  present,  sodium  formed  in  the  detection 
region  by  addition  of  atomic  hydrogen  has  two  sources.  NaOH 
and  Na(ri.  the  amount  of  each  depending  on  the  extent  to  which 
the  NaOH  +  HCI  -•  NaCI  +  H.O  reaction  has  gone  to  com¬ 
pletion  The  rate  equation  for  the  formation  of  sodium  in  the 
detector  i' 

d(Nal/dr  »  A,(NaOIIUHl  +  *|,(NaCI|<(HI  <!•») 


Figure  S.  Typical  decay  of  fluorescence  signal  vs.  reaction  time  fur 
NaOH  4  HCI.  showing  contribution  to  total  detected  sodium  (— )  from 
NaOH  ( - i  and  NaCI  (••••).  Circles  are  experimental  data. 

where  the  d  subscript  indicates  the  concentration  at  the  entrance 
to  the  detector  zone.  Integrating  over  the  detector  reaction  time 
(fa),  assuming  excess  hydrogen,  we  obtain 

(Na)  -  INaOHlad  -  +  INaCIlad  -  f‘  l""*)  (15) 

If  no  HCI  is  added,  the  observed  LIF  signal  arises  solely  from 
NaOH.  We  have  observed  that  this  signal  (after  correcting  for 
differences  in  diffusion  and  wall  removal  between  Na  and  NaOH) 
is  identical  with  that  arising  from  only  sodium  (i.e.,  without  H-Oj 
added).  This  means  that,  within  the  available  detector  reactioit 
time,  all  of  the  NaOH  is  converted  to  sodium,  with  an  estimated 
error  of  20^.  This  uts  a  lower  limit  to  A||H]r«.  Given  fa  ■  2 
ms  and  (H)  ar  2  x  I0'*  cm  ’,  this  requires  that  A,  >  4  X  lO  ” 
cm’ molecule'' s  '.  The  accuracy  of  r^  is  ±0.5  ms  If  less  than 
107  of  the  H;  is  dissociated  (it  is  unlikely  to  be  higher  under  our 
operating  conditions),  then  A,  is  faster  than  the  stated  limit. 

This  value  for  A,  is  in  reasonable  agreement  with  a  value  of 
I  X  I0''’r'  •  (1.7  X  10"  cm’  molecule  '  s  '  at  300  K)  which 
is  used  by  Hynes  et  al.''  in  Fitting  their  flame  data  over  a  wide 
range  of  conditions,  and  also  with  2  X  10’"^  '*’*’  ’  ( 1.4  x  I0 
at  300  K),  which  is  used  in  various  atmospheric  models.'*"  The 
former  value  is  claimed  to  be  accurate  to  within  a  factor  of  two 
at  name  temperatures,  and  the  latter  is  only  an  estimate.  We 
are  planning  to  perform  direct  measurements  of  this  reaction  in 
the  near  future. 

Now  if  we  nseasure  the  ruction  rate  of  NaOH  +  HCI,  at  short 
reaction  times  the  deuy  in  signal  is  logarithmic  beuuse  [NaOH]^ 
>  (NaCIJ^.  and  only  the  First  term  in  eq  15  is  significant.  At  long 
reaction  times.  INaCI)^  >  [NaOHj^  and  the  second  term  becomes 
dominant  (Figure  5)  If  A,,  ■  A,,  we  would  never  observe  a  deuy 
in  (Na)  since  both  terms  in  eq  15  would  always  have  the  same 
sum.  However,  the  fact  that  an  initial  decay  is  observed  with  a 
later  leveling  of  signal  shows  that  A,,  <<  A,  and.  from  the  relative 
value  of  the  signal  where  it  levels  off,  we  can  estimate  Aiv 

Todetermine  A,i.  we  modeled  this  ruction  system  using  the 
conditions  in  Table  II  and  rate  set  in  Table  III.  This  rate  set 
IS  more  extensive  than  the  above  discussion  implies  because  there 
could  be  secondary  reactions  between  the  excess  IFU.  and  the 
sodium  formed  in  the  detector,  as  well  as  other  minor  OH,  H. 
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TABLE  II:  Miial  CmrfithiM  hi  Chcnical  MoM 


temp.  K 

308 

flow  velocity,  m  s*' 

1 0.0 

press.,  torr 

2.0 

(Na).  cm*’  (initial) 

10'® 

IH,0.].  cm*’ 

1.3  X  10'’ 

(HCI).  cm*’ 

1.93  X  10” 

(H]a.  cm-’ 

2  X  I0'’-1  X  10” 

[H-la.  cm-’ 

10”-10'‘ 

IH:01.  cm-’ 

7  X  10” 

ffin-  ms 

0-25 

ij.  ms 

0.5-4.0 

TABLE  III:  Reacthm  Rite  S«t  I'scd  for  Mo4«liiit  Na  Owmistry' 


reaction 

k.  cm’ 

molecule"'  s"' 

ref 

Na  -F  H.O.  -  NaOH  -f  OH 

6.9  (-11) 

b 

NaOH  +  HCI  -  NaCI  +  H-0 

2.8  (-10) 

b 

NaOH  -F  H  -  Na  -F  HjO 

1.0  (-IO)-I.O  (-14) 

b 

NaCI  -F  H  -  Na  -F  HCI 

1.0  (-IO)-I.O  (-14) 

b 

Na  +  HO,  -  NaOH  +  0 

1.0  (-10) 

esi 

2HO,  -  H,0,  -F  0, 

1.6  (-12) 

39 

0  +  H  O,  -  OH  -F  HO2 

1.0  (-lUe-”®®'- 

40 

OH  +  H,0,  -  HjO  +  HO, 

2.96  (-12)#-'*'  ’■ 

41 

H  -F  HjOj  ->  H,  -F  HO. 

2.13  (-12)#-''®“  ’■ 

42 

H  -F  HjO,  -  OH  -F  Hjb 

2.76  (-12)#-''®“  ’' 

42 

Hj  +  OH  -  H  -F  HjO 

7.7  (-12)#-”““  ’■ 

40 

H,  -F  0  -  H  +  OH 

1.6  (-11)#'*’*“  ’' 

40 

OH  +  HO,  ->  H,0  -F  0, 

8.0  (-11) 

40 

H  +  HO  ->  20H 

3.2  (-11) 

40 

H  +  HO,  -  H,  -F  O2 

1.4  (-111 

40 

H  -F  HO,  -  H  O  -F  0 

9  4  (-13) 

40 

0  +  HO,  -*  0,  +  OH 

8.0  (-11)#  ’®“  ’■ 

40 

20H  ->  b  +  H,0 

1.8  (-12) 

40 

HCI  -F  OH  -  H,0  -F  Cl 

6.6  (-13) 

40 

'No  three-body  rates  were  used  because  the  system  is  at  low  pres¬ 
sure.  ‘This  work. 


etc.  reactions.  This  model  also  includes  the  undissociated  hy¬ 
drogen,  and  the  water  impurity  {.—1%)  in  the  HjOj.  We  sys¬ 
tematically  varied  kt.  k^y  (H],  (H-O:).  and  ty  The  results  show 
that  all  secondary  reactions  have  little  effect  (<57)  on  the  cal¬ 
culated  sodium  densities  and  that  the  variations  of  Na  with  (HjOj] 
and  (H2]  are  small,  in  reasonable  agreement  with  additional 
experiments.  The  value  for  k^  which  best  fits  the  experimental 
data  is  (8  ±  3)/[H].  which  leads  to  value  al  /(|]  in  the  range  I 
X  lO"''  to  5  X  IC’  cm’  molecule*'  s*'.  with  a  best  estimate  of 
5  X  I0*'‘  cm’  molecule*'  s*'.  In  light  of  the  small  exothermicity 
for  this  reaction,  this  value  is  not  unreasonable.  If  the  rate  constant 
is  expressed  in  the  Arrhenius  form,  k  ■  .4e'^'^^.  this  would 
correspond  to  only  a  21  kJ  mol*'  barrier,  even  with  a  gas  kinetic 
preexponential  term. 


The  reaction  rate  constant  of  HCI  with  NaOH  is  found  to  be 
ia  iu  gas  kinetic  limit-  Givea  the  large  etothcrmidiy.  abscacc 
of  obvious  steric  effects,  and  the  fact  that  reactant  and  product 
states  correlate  on  a  singlet  potential  energy  surface,  one  might 
not  consider  this  surprising.  On  the  other  hand,  the  strong  oosalent 
HCI  bond  must  be  broken  during  the  reaction  with  an  efTicienc) 
approaching  unity.  One  can  calculate  a  rate  constant  for  this 
reaction  using  simple  close  collision  theory.'*  This  procedure 
assumes  that  the  attractive  pc-tion  of  the  intermolecular  potential 
varies  as  Cr**.  where  C depends  on  the  dipole  moments  and  static 
polarizabilities  of  the  reactants,"  and  r  is  the  intermolecular 

t39)  S.  P.  Sander.  M  Petciton.  R.  T.  Wation.  and  R  Patrick.  J.  Plus 
Ckem ,  SS.  1 336  ( t9S3) 

tsoi  D.  L  Baulch.  R.  A.  Coa.  P  1  Crutren.  R  F  Hamptun,  3i..  J  A 
Kerr.  3.  Troe.  and  R  T  Wauon.  J  Pkys.  Ckrm  Rtf  Data.  II.  337  tl9S2| 

tSI)  L.  C  Sridharan.  B.  Reimann,  and  F  Kaufnun.  J  Chrm  Pkys  .  7), 
121611960). 

t42l  R.  F  Hampson.  IJ.S  Department  of  Transportation.  Report  No 
FAA  EE-SOI7.  I9S0 

|43I  H.  S.  Johnston.  *Gas  Phase  Reaction  Rate  Theor)'.  Ronald  Preu. 
New  York.  1966.  Chapter  9 


distance.  The  total  effective  potential  energy  curve  at  large  r  i> 
this  attractive  portion  plus  a  centrifugal  term  which  accountN  lor 
orbital  angular  momentum.  The  rate  of  close  collisions  is  idcniincd 
as  applying  to  collisions  with  total  energy  sufficient  to  surniouni 
the  orbital  angular  momentum  barrier  in  this  effective  potential 
energy  curve.  If  it  is  assumed  that  all  close  collisions  react,  and 
that  there  is  no  activation  energy,  the  rate  constant  calculated 
for  NaOH  -F  HCI  is  1.8  X  lO"'"  cm*  molecule  '  s  '.  in  good 
agreement  with  the  measured  value. 

Few  gas-phase  reactions  of  alkali  molecules  have  been  studied, 
none  involving  alkali  hydroxides.  The  alkali-hydroxide  bond  is 
ionic  in  character,  so  that  (OH)  is  a  closed-shell  species,  not 
dissimilar  to  its  isoelectronic  and  isobaric  analogue.  F  Thus, 
in  absence  of  data  on  NaOH.  we  can  use  available  information 
on  N'aF  and  other  alkali  halides  to  try  to  understand  the  properties 
of  the  alkali  hydroxides.  There  have  been  a  number  of  molecular 
beam  scattering  measurements  of  alkali  halides  with  other  alkali 
halides  or  hydrogen  halide  molecules.'’  As  a  class,  they  all  imply 
the  existence  of  a  strong  collision  complex.  In  the  case  of  CsCI 
■F  Kl  -*  Csl  +  KCI,  the  reaction  process  without  any  activation 
energy  (despite  being  four-centered)  and  has  a  large  total  cross 
section."  This  has  been  explained  by  the  large  ionic  character 
of  both  species  and  by  the  fact  that  alkali  halide  dimers  have  large 
binding  energies  in  the  geometry  of  a  cyclic  planar  rhomboid.'* 
This  ion-pair  intermediate  formulation  has  also  been  invoked  in 
describing  the  Balj  -F  HCI  reaction,'*  where,  for  large  alkaline 
earths  such  as  barium,  we  can  treat  Balj  as  (Bal)'!'.  W  hat  we 
can  draw  from  these  comparative  systems  is  that  a  gas  kinetic 
rate  constant  without  any  activation  barrier  is  a  reasonable  ex¬ 
pectation  for  this  system  In  the  extrapolation  of  the  measured 
rate  data  to  lower  temperatures  characteristic  of  the  stratosphere, 
one  would  not  expect  any  great  dependence  on  temperature  for 
the  reaction  rate. 

The  importance  of  reaction  2  in  stratospheric  ozone  chemistry 
may  be  estimated  by  comparing  the  Cl  regeneration  rates  from 
HCI  via  reaction  with  OH  with  regeneration  rates  from  reaction 
with  NaOH  followed  by  photolysis  of  NaCI.  Estimates  of 
stratospheric  NaCI  photolysis  rates  by  Rowland  and  Rogers’'  are 
in  the  range  from  10  ’  to  10  *  s  '.  At  40  km.  the  meteoric  sixlium 
is  partitioned  among  the  species  NaOH,  NaO;.  and  NuO  F.s- 
timates  of  total  stratospheric  sodium  concentrations  by  l.iu  and 
Reed'®  are  on  the  order  of  5  x  10’  cm  ’.  If  all  of  the  meteoric 
sodium  were  in  the  form  of  NaOH  at  40  km,  our  measurement 
of  A;  would  give  a  First-order  rate  constant  for  Cl  formation  of 
1.4  X  10  '  s'',  providing  that  J>„a  is  in  the  range  estim.-ited  by 
Rowland  and  Rogers.  This  is  a  factor  of  ~20  faster  than  the 
first-order  rate  constant  for  Cl  regeneration  from  OH  -F  HCI  of 
6  X  10**  s  ',  based  on  an  OH  concentration  of  10*  cm  '  and  the 
value  k,(2S0  K)  ■  5.7  X  10  ”  cm’  molecule  '  s  '."  Although 
the  partitioning  of  total  sodium  among  NaOH.  NaO.  and  N'aO; 
TtRWTCs  a  Trim  tlttaiktS  knowlttlgt  of  nw  conAams  1.*t 
processes  shown  in  Figure  I,  this  calculation  demonstrates  that, 
even  if  only  5T  is  in  the  form  of  NaOH.  regeneration  of  Cl  from 
HCI  via  alkali  chemistry  wuuhS  be  cumptrable  tn  rufetut'aivui 
by  the  OH  reaction. 

This  simple  computation  leads  us  to  two  conclusions  First, 
our  results  for  this  and  the  other  alkali  reactions  described  show 
that  meteoric  metal  reactions  may  have  a  potentially  significant 
impact  on  our  understanding  of  chemistry  in  the  mesosphere  and 
upper  stratosphere.  The  large  values  of  the  sodium  rate  constants 
measured  in  this  study  eirphasize  this  possibility.  Secondly,  it 
clearly  motivates  the  need  for  further  investigation  of  thK  chem- 

(44)  J  O  Hincliricldcr.  C  F.  Cunm.  and  R  B.  Bird.  *M»ln.u!jr  Thc<>r> 
of  Gases  and  Liquids*.  Wile>.  N  ew  York.  1964 

|45)  R  R  Herm  in  'Alkali  Halide  Sapors'.  P  Dasidusils  and  I)  I 
McFidden.  Fd.,  Academic  Press.  New  York.  1979.  (  Kapici  6.  and  r.lcrciu.c' 
therein 

t46)  W  B  Miller.  S  A  Safron.  andl)  R  llcrschbash.  Z  <  hrm  /-k.i. 
94.  3341  11972) 

|47|  .A  Freedman.  R  Behrens.  Ft  T  P  Parr,  and  R  R  llcini  J  (  krm 
Phis.  65.  47J9tl97M 

t4tl)  M  S  Zahniser.  F  Kaufman,  and  I  Anderson.  Chrm  Pk,\  l.rtt 
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istry,  via  detailed  models,  additional  labor'aitory  measui’em^t's  of 
reaction  rate  constants  and  photolysis  cross  sections,  and  direct 
measurement  of  molecular  sodium  concentration  profiles  iti  the 
upper  atmosphere. 
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GAS-PHASE  REACTION  RATE  OF  SOPIUH  SUPEROXIDE  WITH  HYDROCHLORIC  ACID 


J.A.  Silver*  and  C.E.  Kolb 
Center  for  Chemical  and  Environmental  Physics 
Aerodyme  Research,  Inc. 

45  Manning  Road 
Billerica,  MA  01821 

ABSTRACT 

Metal  compounds  originating  from  meteor  ablation  may  be  an  additional 
mechanism  for  the  release  of  free  chlorine  from  HCl  in  the  stratosphere.  For 
the  alkali  metals,  and  sodium  in  particular,  catalytic  chemical  pathways  have 
been  postulated  which  describe  these  processes.  A  critical  step  in  this 
mechanism  is  the  reaction  of  Na02  with  HCl.  We  have  measured  the  rate 
constant  for  this  reaction  in  a  fast-flow  reactor  at  295  K  and  find  it  to  be 
<2.3  ±0.4)  X  10**^*^  cm^  molecule**^  The  implication  of  this  result  on 

stratospheric  osone  chemistry  is  discussed. 


Present  address:  Southwest  Sciences,  Inc. 

1570  Pacheco  St.,  Suite  E-11 
Santa  Fe,  NM  87501 
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INTRODUCTION 


In  the  past  few  years,  a  number  of  experimental  rate  constant 
measurements  have  been  completed^~^  which  support  the  contention  that  alkali 
metals  originating  from  meteor  ablation  may  hava  a  significant  role  In 
determining  the  extent  to  which  ozone  might  be  depleted  by  chlorine  compounds 
In  the  upper  stratosphere.  This  would  be  accomplished  by  the  sodium 
catalyzed  release  of  free  chlorine  from  the  Inactive  HCl  stratospheric 
reservoir  at  a  rate  comparable  to  the  major  recognized  reaction 


HCl  +  OH  ♦  Cl  +  H2O 


(1) 


The  chemistry  of  alkali  metals  In  the  lower  thermosphere  and  upper 
stratosphere  has  been  discussed  elsewhere,  and  will  only  be 

highlighted  here.  Metals  (In  particular,  sodium)  volatlllzad  during  meteor 
entry  Into  the  earth's  atmosphere  are  oxidized  and  entar  the  upper 
stratosphere  as  a  mixture  of  Na02,  NaO,  and  NaOH.  The  suggested  catalytic 
cycle  for  release  of  free  chlorine  comes  as  a  result  of  the  reaction  of  these 
species  with  HCl,  and  their  subsequent  regeneration  on  a  time  scale  comparable 
to  that  of  reaction  1. 
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) 


I 


(2) 


Na02  +  HCl  NaCl  +  HO2 

NaO  +  HCl  NaCl  +  OH  (3) 

NaOH  +  HCl  NaCl  +  H2O  (4) 

NaCl  +  hv  ♦  Na  +  Cl  (5) 

Na  +  O2  ”  Na02  (6) 

Na02  +  (0,  OH,  H,  etc)...  NaOH,  NaO  (7) 


Recent  kinetic  meaaurenents  on  reactions  3,  4,  and  6  Indicate  that  these 
proceed  rapidly.  Estimates  of  the  photolysis  rates  of  NaCl,  based  on  high 
temperature  absorption  cross  section  measurements,^^  are  also  relatively  fast 
(lO'^  *■  lO"^  ao  that  the  potential  rate  limiting  step(a)  to  this  process 

Is  the  conversion  of  NaOj  to  NaCl,  either  directly  through  reaction  2,  or 
Indirectly  via  step  7  and  reactions  3  and  4.  If  the  overall  rate  constant 
for  Cl  formation  of  either  of  these  Is  comparable  to  that  for  reaction  1 
(ki*[OH]  ^  10~^  s~^),  then  the  presence  of  alkali  metals  may  Indeed  Impact 
stratospheric  ozone  levels. 

The  purpose  of  this  study  Is  to  provide  a  measurement  of  the  rate 
constant  for  the  direct  path,  l.e.,  the  reaction  of  Na02  HCl  NaCl  HO2. 
The  results  of  this  measurement  should  help  confirm  whether  or  not  meteor 
c*tals  could  play  a  significant  role  in  stratospheric  ozone  chemistry. 
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EXPERIMENTAL  SECTION 


The  fast-flow  reactor  and  experimental  techniques  used  In  these 
experiments  have  been  fully  described  In  previous  papers. Briefly,  the 
flow  reactor  Is  a  7.26-cm-dlameter,  120-cm-long  alumina  tube  with  four 
perpendicular  side  arms  at  the  tube  exit  which  permit  optical  detection  of  the 
reactive  species.  Helium  carrier  gas  Is  added  at  the  entrance  of  the  flow 
tube  through  mulllte  multichannel  arrays  which  lamlnarlxe  the  flow.  Gas 
volumetric  flow  rates  are  determined  with  calibrated  thermal  conductivity  type 
mass  flow  meters.  Flow  rates  of  hydrogen  chloride  are  determined  by  diverting 
the  flow  Into  a  calibrated  volume,  and  then  measuring  the  rate  of  pressure 
Increase.  A  calibrated  MKS  Baratrm  Model  310-BSH10  capacitance  manometer 
(0.8Z  accuracy)  Is  uaed  to  measure  pressure. 

Sodium  atoms  are  generated  by  heating  the  sample  In  a  2.5-cm-dlameter 
cylindrical  monel  oven  to  a  temperature  commensurate  with  attaining  a  vapor 
pressure  of  that  species  of  10~^  to  torr  within  the  oven.  The  oven  Is 

enclosed  In  a  4-cm-dlameter  water-cooled  sheath  to  prevent  heating  of  the  main 
flow  carrier  gas.  The  vapo^  Is  entrained  In  a  flow  of  Inert  carrier  gas  and 
Introduced  directly  Into  the  flow  tube.  The  sodium  vapor  Is  further  diluted 
by  the  carrier  gas  In  the  main  flow  tube  so  that  the  sodium  concentration 
within  the  reaction  zone  Is  always  less  than  10^°  cm“^ 

Sodium  superoxide  Is  produced  via  the  termolecular  reaction 

Na  +  Oj  +  M  ♦  NaOj  +  M  ,  (6) 
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where  M  >  He  and  kgCHe)  -  1.4  x  10“^^  cm^  a**^  at  295  K.^  Molecular  oxygen 
('10  cm**  )  la  added  to  the  carrier  gaa  In  the  flow  tube  and  reacta  rapidly 
under  the  condltlona  preaent  (2.07  torr*  295  K),  ao  that  converalon  of  Na  to 
Na02  la  eaaentlally  complete  before  reaching  the  region  where  HCl  Is  Injected 
Into  the  flow. 

Detection  of  Na02  la  accompllahed  by  converting  It  back  to  atomic  sodium 
In  the  detection  region,  where  It  la  meaaured  by  reaonance  fluoreacence.  This 
converalon  la  done  by  Injecting  an  exceaa  of  atomic  hydrogen  Into  the  flow 
2>ca  upatream  of  the  detection  volume. 

Na02  +  H  Na  +  HO2  «  39  ±  20  U  mol”^ 

Na  hv  'i'  Na*  Na  *  hv  (reaonance  fluoreacenae)  (9) 

The  hydrogen  atoma,  produced  by  microwave  dlacharge  of  pure  molecular 
hydrogen,  are  Introduced  through  a  6*mBh'dlame ter  quartz  tube,  whose  Inner 
walls  are  coated  with  syrupy  phosphoric  acid.  With  the  mean  flow  velocity  of 
920  cm  s~\  the  reaction  time  of  hydrogen  In  the  detector  (t(])  la  *2  ms. 

The  atomic  hydrogen  concentration  Is  estimated  to  be  2  x  10^**  cm'^,  by 
measuring  the  H2  flow  rate  and  assuming  that  lOZ  of  the  H2  passing  through  the 
discharge  dissociates,  with  no  recombination^^  or  loss  on  the  Inlet  tube 


walls 
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Resonance  fluorescence  is  accomplished  using  a  25-Uatt  Spectrollne  sodium 
resonance  lamp  and  phase-sensitive  detection  techniques.  The  data  are  fed 
directly  Into  an  IBM/XT  computer  for  processing.  Purities  of  the  chemicals 
used  In  these  experiments  are  as  follows:  sodium  metal,  99.952  (Alfa); 
helium,  99.9952  (Northeast  Cryogenics);  oxygen  99.9932  (Northeast  Cryogenics); 
hydrogen,  99.9952  (Air  Products);  and  hydrogen  chloride  99.992  (Northeast 
Cryogenics ) . 

Rate  measurements  are  made  with  [hCI]  >  [Na02],  thus  ensuring 
pseudo-first-order  kinetic  conditions.  Reaction  times  ware  varied  from  1  to 
15  ms  by  changing  the  Injector  position.  Data  analysis  and  corrections  for 
wall  loss  and  diffusion  effects  were  performed  as  described  In  our  previous 
work  on  the  reactions  of  NaO  and  NaOH  with  HCl^*^^  The  diffusion 
coefficient  for  Na02  In  helium  was  estimated  to  be  0.3  cm^  s**^  at  1  atm,  but 
In  fact,  the  correction  for  diffusion  was  quite  Insensitive  to  this  value 
(l.e.,  less  than  one  percent  difference  If  0.4  cm^  s'^  was  used). 

RESULTS 

Decay  of  Na02  for  seven  concentrations  of  HCI  covering  the  range  1.02  - 
41.9  X  10^^  cm'*^  are  shown  In  Figure  1.  The  first  order  decay  rates  obtained 
from  the  slopes  of  these  lines  and  corrected  for  diffusion  effects  are  plotted 
versus  the  corresponding  HCI  concentration  In  Figure  2.  A  least-squares  fit 
to  the  slope  of  this  line,  weighted  by  the  uncertainties  In  each  point, 
results  in  a  value  of  the  rate  constant  for  this  reaction  of  (2.3  ±0.4)  x 
10”^*^  cm^  molecule'^  s”^.  The  uncertainty  expressed  In  this  expression 
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Includes  precision  errors  (one  standard  deviation),  as  well  as  estimated 
errors  In  accuracy. 

In  previous  measurements  of  this  type,^  corrections  to  the  data  were 
required  to  account  for  the  reaction  of  NaCl  product  with  the  atomic  hydrogen 
tl trant, 

NaCl  +  H  ♦  Na  +  HCl  (10) 

We  had  estimated  the  rate  constant  for  this  reaction  as  "5  x  10' 
cm^  molecule'^  s~^.  In  these  experiments,  the  decays  were  observed  for 
reaction  times  varying  between  one  and  fifteen  milliseconds,  and  under  these 
conditions,  reaction  10  has  Insufficient  time  to  proceed  enough  to  require  any 
data  corrections. 


DISCOSSION 

Similar  to  NaO  and  NaOH,  Na02  reacts  with  HCl  with  a  rate  constant  near 
Its  gas  kinetic  limit.  Although  the  first  two  reactions  are  considerably 
exothermic  (133  ±  13  kJ  mole'^  and  134  t  42  kJ  mole~^,  respectively),  the  last 
Is  most  probably  barely  exothermic  by  19  1  21  kJ  mole'^.  Since  the  Na02  bond 
Is  strongly  Ionic, one  might  explain  Its  reactivity  with  HCl  In  a  manner 
similar  to  that  given  for  NaOH  and  NaO,^  for  the  alkaline  earth  dlhalldes  with 
CI2  and  HCl,^^  and  for  cesium  halides  with  Cl 2  and  ICl.^^  In  all  of  these 
examples,  large  dlpole-dlpole  and  dipole- Induced  dipole  Interactions  provide 
strong  long-range  forces  which  lead  to  the  formation  of  an  lon-palr  adduct, 
allowing  a  facile  exchange  reaction.  In  this  case  the  adduct  would  likely  be 
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Na'*'(HOOCl)~.  Although  the  (H00C1)~  species  has  not  been  observed,  It  Is 
analygous  to  the  (HOOH)~  Ion,  which  has  Indirectly  been  shown  to  exist, 
although  Its  exact  structure  Is  unknown. 

Demonstration  of  a  nearly  gas  kinetic  reaction  rate  constant  for  Na02  + 
HCl  supports  the  possibility  that  a  sodium  catalyzed  Cl  regeneration  mechanism 
can  be  fast  enough  to  compete  with  the  OH  HCl  reaction  In  the  upper 
stratosphere.  Estimates  of  total  stratospheric  sodium  concentrations  by  Liu 
and  Reld^*^  are  on  the  order  of  5  x  10^  cm"^.  If  most  of  the  sodium  Is  In  the 

form  of  NaOH,  Na02,  or  NaO,  then  the  measured  rate  constants  for  reactions  2-4 

result  In  a  first-order  rate  constant  for  Cl  release  of  "1  x  lO"'^  s~\  much 
larger  than  the  s*^  required  for  competition  with  reaction  1.  Given  the 

results  of  this  work,  and  a  recent  study  of  room  temperature  NaCl  photolysis 

9  s 

rates,  the  rate  limiting  step  for  the  mechanism  given  by  reactions  2-7  may 
be  the  photolysis  of  NaCl,  so  that  It  Is  probable  that  only  "I-IOZ  of  the 
daytime  molecular  sodium  Is  In  the  above  molecular  forms.  Even  at  this  level, 
this  Cl  release  mechanism  could  be  competitive  with  reaction  1. 

One  must  also  consider  both  homogeneous  and  heterogeneous  loss  mechanisms 

for  gas  phase  alkali,  which  are  all  poorly  understood.  Homogeneous  losses 

could  Include  NaCl  polymerization  and  lonlzatlon/cluster  formation,  while 
heterogeneous  losses  might  Include  condensation  onto  small  particulates  28  or 
liquid  droplets  at  lower  altitudes.  The  degree  of  alkali  loss  at  the  present 
time  Is  uncertain,  but  If  only  lOZ  of  the  stratospheric  alkali  Is  left 
unscavenged,  then  the  catalytic  release  of  free  chlorine  by  ablated  meteor 
metals  could  still  be  significant  on  the  upper  stratospheric  ozone  balance. 
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nCURE  CAPTIONS 


Figure  1.  P8eudo>flr8t**order  decay8  for  Na02  **'  HCl  reaction. 

[hCI]  -  1.02  (  O  ),  9.21  (  •  ),  12.6  (□  ),  17.0  (  ■  ),  20.9  (  A  ), 
35.5  (  A  ),  41.9  (  ^  );  unite  of  10^^  molecules  cm“^ 

Figure  2.  Dependence  of  corrected  pseudo-first-order  rate  constant  on  HCl 
concentration  at  295  K. 
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ABSTRACT 


Absolute  photodissociation  cross  sections  for  gas  phase  NaCl  are  measured 
over  the  wavelength  range  of  189.7  to  359.8  nm  at  300  K.  Two  well-resolved 
peaks  are  observed  at  235  nm  and  260  nm.  The  cross  section  also  rises  below 
210  nm.  These  results  are  in  good  qualitative  agreement  with  previous  high 
temperature  measurements  and  with  cross  sections  computed  from  theoretically 
calculated  potential  surfaces.  However,  there  are  two  significant 
differences,  the  width  of  the  absorption  peaks  and  to  absolute  magnitude  of 
the  cross  sections.  The  Importance  of  these  measurements  in  understanding  the 
photodlssoclatlve  processes  of  ionic  compounds  and  the  implications  for  the 
role  of  NaCl  in  the  stratospheric  chemistry  of  chlorine  compounds  are 
discussed. 


*Presenc  Address:  Southwest  Sciences,  Inc. 

157u  Pacheco  St.,  Suite  E-11 
Santa  Fe,  NM  87501 
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INTRODUCTION 


The  study  of  the  optical  spectra  of  gas  phase  alkali  halides  has  a  long 
and  rich  history,^  having  been  pursued  In  flames,  furnaces,**  shock  tubes,  ^ 
and  more  recently.  In  room  temperature  cells^  and  molecular  beams. In 
conjunction  with  these  experimental  studies,  the  theory  of  photodlssoclatlon 
of  alkali  halides  has  received  considerable  attention.  ^ 

Photodlsaoclatlve  processes  for  these  systems  are  often  approximated  as 
one*-electron  charge  transfers  between  a  ground  Ionic  state  and  excited 
covalent  state.  Measurement  of  the  spectrally-resolved  cross  sections  and 
determination  of  the  relative  probability  of  exciting  parallel  (0'*'  and 

perpendicular  (1  transitions  lead  to  Information  about  the  shapes  of 

the  excited  state  potentials.  Combined  with  product  analysis,  one  can  then 
learn  how  dissociation  from  the  0'^  excited  states  Is  affected  by  the  degree  of 
adiabatic  behavior  In  the  exit  channel  when  crossing  the  Ionic  potential 
curve. 

The  measurement  of  photodlssoclatlon  cross  section  Is  also  of  Interest  In 
understanding  the  chemistry  of  alkali  metals  In  the  stratosphere.  It  has  been 
suggested  '  that  sodium  and  other  metals  Introduced  Into  the  atmosphere  by 
meteor  ablation  may  play  a  role  In  affecting  ozone  reduction  by  the  catalytic 
chlorine  cycle.  One  possible  reaction  sequence  which  demonstrates  this 
mechanism  Is: 

Na  +  O2+  M  ♦  Na02  +  M  ,  (1) 

Na02  HCl  ♦  NaCl  +  HO2  ,  and  (2) 
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NaCl  +  hv  Na  +  Cl 


f 


(3) 


which  leads  to  the  net  reaction 

HCl  +  O2  +  hv  Cl  +.HO2  .  (A) 

Rate  constants  for  reactions  1  and  2  have  been  measured  In  our 
laboratory. Combining  these  results  with  photolysis  rates  based  on  the 
high  temperature  absorption  measurements  (1123-1223  K)  of  Davldovlts  and 
Brodhead,** * leads  to  the  possibility  that  this  mechanism  could  be 
comparable  in  magnitude  to  the  major  stratospheric  Cl  regeneration  mechanism, 

OH  +  HCl  Cl  +  H2O  .  (5) 

The  rate  limiting  step  of  the  sodium  catalyzed  mechanism  (reactions  1-3)  Is 
reaction  3.  Davldovlts'  absorption  data  Include  contributions  from 
vlbratlonally  excited  states  and  possibly  dimers,  which  will  not  contribute  to 
photolysis  at  stratospheric  temperatures  near  260  K.  Clearly,  low  temperature 
photodlssoclatlon  cross  section  measurements  are  desirable. 

In  this  paper  we  report  measurements  of  the  absolute  cross  section  for 
photodlssoclatlon  of  NaCl  at  300  K.  Sodium  chloride  Is  produced  by  the  gas 
phase  reaction  of  atomic  sodium  with  chlorine  In  a  flow  tube  under  dlmer-free 
conditions  and  with  over  8CZ  of  the  NaCl  In  the  ground  vibrational  state.  The 
approach  taken  In  these  experiments  does  not  require  the  knowledge  of  the 
absolute  NaCl  number  density  In  the  photolysis  region,  but  rather  uses  a  ratio 
technique  to  quantify  the  cross  sections. 
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EXPERIMENTAL 


Photodlssoclatlon  Apparatus 

Sodium  chloride  is  generated  in  a  flow  tube  by  the  fast  bimolecular  i 

reaction  of  atomic  sodium  with  excess  chlorine, 

i 

Na  +  CI2  NaCl  +  Cl.  (k  ■  6.7  x  10  cm^  molecule  ^  s  (6) 

1 

Sodium  atoms  are  generated  by  heating  sodium  metal  in  a  2-cm-dlameter 
cylindrical  stainless  steel  oven  to  *510  K  which  produces  a  vapor  pressure 
of  "2  X  10'^  torr  within  the  oven.  The  vapor  is  entrained  in  a  flow  of 

i 

helium,  and  carried  through  a  heated  0.6-cm-diaaeter  AO-cm-long  stainless 
steel  tube  into  the  flow  apparatus.  This  heated  tube  is  wrapped  with 

I 

*’0.3*'cm~thlck  zirconia  blanket  insulation  and  enclosed  in  a  water  cooled 
Jacket  to  prevent  any  heating  of  the  main  flow  carrier  gas.  The  sodium  vapor 
is  diluted  by  the  carrier  gas  in  the  main  flow  so  that  the  sodium  or  sodium 
chloride  concentration  within  the  photolysis  zone  is  always  less  than  10^*^ 
cm**^.  Chlorine  is  mixed  with  the  main  carrier  flow  and  its  reaction  with 
sodium  is  complete  within  a  few  centimeters  of  the  sodium  inlet  orifice. 

The  flow  apparatus  is  comprised  of  a  smell  stainless  steel  tube  9.7  cm  in 
diameter  and  approximately  50  cm  long,  with  four  perpendicular  side  arms  at 
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the  detection  zone  which  permit  photodissociation  and  detection  of  the  flow 
species  (Figure  1).  The  main  flow  of  helium  carrier  gas  is  added  at  the 
entrance  of  the  flow  tube  and  a  small  purge  flow  of  helium  is  introduced  in 
each  of  the  side  arms  to  keep  the  optics  clean.  Gas  volumetric  flow  rates  are 
determined  with  calibrated  thermal  conductivity- type  mass  flow  meters.  Flow 
rates  of  chlorine  are  determined  by  diverting  the  flow  into  a  calibrated 
volume  and  measuring  the  rate  of  pressure  increase.  A  calibrated  MKS  Baratron 
capacitance  manometer  is  used  to  measure  pressure  and  a  chromel-alumel 
thermocouple  is  used  to  determine  the  gas  temperature.  Experiments  are 
performed  with  a  flow  velocity  of  ISO  cm  s**^  at  a  pressure  of  2.1  torr. 

Relative  concentrations  of  atomic  sodium  are  measured  using  laser-induced 
fluorescence  of  the  3s^Si/2  ~  ^*^^3/2  transition  at  589.9  nm.  The  output 
of  a  nitrogen-pumped  dye  laser  (Molectron  DL14)  is  transmitted  to  the 
experiment  by  a  fiber  optic  line  and  is  focussed  in  the  photolysis  region  to  a 
diameter  of  0.380  ±  0.005  cm.  Fluorescence  is  detected  by  a  photomultiplier 
located  perpendicular  to  the  laser  path  as  shown  in  Figure  1.  A  590  nm 
interference  filter  and  optical  baffles  are  used  to  reject  spurious  light  from 
entering  the  PMT.  A  1  cm  diameter  area  of  the  photolysis  region  is  imaged 
onto  the  phototube.  The  data  are  collected  using  a  fast  preamplifier  and  a 
gated  integrator  having  a  60  ns  acquisition  gate  width.  The  relative  laser 
power  in  each  pulse  is  monitored  by  a  fast  photodiode  and  is  integrated  and 
held  until  both  the  laser  power  and  fluorescence  signals  are  read  into  an  IBM 
PC/XT  computer  for  analysis. 
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Sodium  chloride  Is  photodlssoclated  with  a  Raman-shifted  exclmer  laser. 
The  exclmer  laser  (Questek)  Is  equipped  with  unstable  resonator  optics  and 
produces  a  beam  with  very  low  divergence.  It  uses  either  ArF  or  KrF  with 
output  pulse  energies  of  100-250  nJ.  Its  output  Is  reflected  by  a 
dielectric-coated  mirror  Into  a  Quanta  Ray  RS-I  Raman  shifter.  Using  D2(  H2> 
or  a  mixture  of  the  two,  both  Stokes  and  antl-Stokes  shifted  wavelengths 
of  the  pump  line  are  produced  with  pulse  energies  In  the  range  .0023-4.4  mj. 
This  UV  beam  Is  focussed  Into  the  cell  coaxial  to  the  dye  laser  beam,  with 
care  taken  to  ensure  that  the  UV  beam  diameter  Is  equal  to  or  slightly  less 
than  that  of  the  dye  laser.  A  BK-7  window  (FI  In  Figure  I)  on  the  UV  output 
side  of  the  cell  (visible  Input  side)  Is  used  to  absorb  the  UV  light  so  that 
It  cannot  be  refocussed  Into  the  fiber  optic  or  Interfere  with  the  visible 
power  measurements.  A  calibrated  Sclentech  power  meter  Is  used  to  monitor  the 
average  UV  power  as  It  exits  the  photolysis  cell.  Corrections  are  made  for 
transmittance  of  the  output  window  and  spectral  response  of  the  power  monitor. 

Triggering  of  both  lasers  and  the  time  delay  between  them  (variable  from 
0-10  ms  In  10  ns  Increments)  Is  controlled  by  a  delay  generator.  The  exclmer 
Is  triggered  at  a  frequency  (30  Hz)  twice  that  of  the  dye  laser,  so  that  any 
non-photodlssoclatlon  related  components  of  the  signal  are  subtracted  from  the 
fluorescence  of  photodlssoclated  sodium.  The  data  acquisition  system  performs 
both  these  subtractions  of  background  signals  as  well  as  normalization  of  the 
fluorescence  to  the  power  of  each  visible  laser  pulse.  It  then  averages  the 
corrected  signals  over  a  minimum  of  100  pulses. 
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The  purities  of  chemicals  used  in  the  these  experiments  are  as  follows: 


sodium  metal,  99. 9Z  (Alfa);  helium,  99.99SZ  (Northeast  Cryogenics);  and 
chlorine,  99. 5Z  (Northeast  Cryogenics). 

Experimental  Procedure  and  Data  Analysis 

Photodissociation  cross  sections  are  measured  using  a  probe-pump-probe 
approach.  The  first  step  consists  of  measuring  the  atomic  sodium 
concentration  with  no  chlorine  present,  [Nalg,  in  the  photolysis  region 
using  the  visible  dye  laser.  Excess  molecular  chlorine  is  then  added  at  the 
upstream  end  of  the  flow  tube,  quantitatively  converting  all  of  the  Na  to  NaCl 
in  a  distance  much  shorter  than  the  17  cm  path  between  the  sodium  oven  outlet 
and  the  photolysis  region.  The  NaCl  is  then  photodlssoci^ted  with  the  UV 
laser  and  the  product  sodium  ((Nalp)  detected  with  the  visible  laser 
approximately  200  ns  later.  This  signal  is  related  to  the  initial 
concentration  of  NaCl  by 


[Na]^ 

[Nac'rf  *  l~*xp[-I(A)o(A)l  .  (7) 


where  I(X)  is  the  ultraviolet  laser  photon  fluence  per  pulse  at  wavelength  X, 
and  a(X)  is  the  photodlssoclatlon  cross  section  at  this  wavelength.  Because 
[NaCl]  «•  [Nalg,  we  rewrite  equation  7, 

[Na]„ 

R  -  ■  l-exp[-I(X)o(X)]  .  (8) 
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Since  the  detection  techniques  for  measuring  atomic  sodium  before  and 
after  the  photolysis  are  identical,  the  ratio  of  their  absolute  concentrations 
in  equation  8,  defined  as  R,  is  equivalent  to  the  ratio  of  their  observed 
fluorescence  signals.  As  a  result,  only  I(X)  need  be  measured  absolutely. 

This  determination  of  a(X)  requires  a  few  assumptions  and 
0 

clarifications.  Since  R  depends  exponentially  on  the  UV  photon  flux, 
nonunl-formltles  could  Introduce  errors  when  using  the  spaclally-averaged  value 
of  I(X).  This  is  avoided  by  keeping  the  UV  beam  intensity  low  enough  so  that 
R  is  always  less  than  0.05.  Accordingly,  the  exponential  term  can  be  expanded 
and  rewritten  as 


a(X)-^)  (9) 

In  this  situation,  R  is  linearly  proportional  to  I(X),  and  the 
spatially-averaged  value  of  R  is  independent  of  any  intensity  nonuniformities. 
We  confirmed  the  linearity  of  the  cross  section  by  measuring  R  as  a  function 
of  laser  Intensity  for  some  of  the  more  intense  UV  lines.  A  linear  dependence 
of  R  on  I(X)  was  observed  at  lower  intensities,  becoming  nonlinear  at  the 
highest  intensities.  We  always  operated  in  the  linear  regime.  The  intensity 
profile  of  the  visible  laser  beam  is  kept  uniform  to  avoid  nonlinear 1  ties 
in  R. 

The  time  delay  between  lasers  is  also  critical.  It  must  be  small  enough 
so  that  all  of  the  sodium  formed  by  dissociation  is  detected  before  reacting 


with  the  remaining  Cl2>  To  detect  at  least  98Z  of  this  sodium,  and  with  CI2 
concentrations  on  the  order  of  0. 4-1.0  x  10^^  cm^,  (large  enough  to  react  with 
Na  in  a  distance  much  shorter  than  the  distance  from  the  oven  to  the 
photolysis  region)  the  laser  delay  should  be  less  than  3.0  us.  On  this  time 
scale,  the  recoiling  of  pho  tod  is  soda  ted  sodium  will  be  thermallzed.  Ve 
measured  the  decrease  in  [Na]p  as  a  function  of  delay  time  and  observe  a 
decay  (t^IOO  us)  commensurate  with  this  secondary  reaction  with  CI2  and  with 
diffusion  out  of  the  detection  region.  On  the  other  hand,  it  is  desirable  to 
have  some  delay  so  as  to  avoid  any  electronic  Interference  or  UV  Induced 
effects  associated  with  the  exclmer  pulse.  Thus  delays  between  200  ns  and 
2.0  us  were  used. 

The  most  significant  correction  to  the  data  arises  in  accounting  for  the 
different  dlffuslvltles  of  Na  and  NaCl.  As  mentioned  above,  Na  emanating  from 
the  oven  travels  *17  cm  before  being  detected.  When  quantitatively 
converted  to  NaCl  (in  1-2  cm),  the  NaCl  then  travels  *15  cm  before 
detection.  In  our  initial  analysis  above  we  have  assumed  that  [NaCl]  ■ 

[Nalg  In  the  photolysis  region.  However,  this  Is  only  approximately 
correct.  Although  true  at  the  end  of  the  narrow  reaction  zone,  these  species' 
axial  concentrations  will  decay  at  different  rates  due  to  diffusion  to  and 
sticking  on  the  reactor  walls.  A  correction  must  therefore  be  made  for  the 
differing  dlffuslvltles  of  Na  and  NaCl.  This  Is  done  according  to  tiie  methods 
outlined  In  reference  21,  using  a  measured  diffusion  coefficient  for  atomic 
sodium  of  0.48  cm  s**  at  1  atm  and  300  K,  and  an  approximate  value  for  NaCl 
of  0.40^0.05  cm^  s~^  at  1  atm.^^  The  underestimation  of  [NaCl]  In  the 
photolysis  region  results  In  a  reduction  In  R  by  a  factor  of  1.4±.4.  This 
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systematic  error  affects  only  the  absolute  magnitude  of  the  photodlssoclatlon 
cross  section  curve  as  a  function  of  wavelength,  but  not  the  relative  shape  of 
the  curve. 


RESULTS 

Room  temperature  photodlssoclatlon  cross  sections  for  gaseous  NaCl  were 
measured  at  25  wavelengths  In  the  range  189.9-359.8  nm.  A  plot  of  the  results 
Is  shown  In  Figure  2.  Error  bars  represent  one  standard  deviation 
uncertainties  In  each  point,  excluding  a  systematic  error  of  ±30Z  due  to  the 
correction  for  diffusion.  This  last  uncertainty  would  have  the  effect  of 
uniformly  shifting  the  curve  >ip  or  down.  Table  1  lists  the  averaged  data 
taken  at  each  wavelength  and  Illustrates  the  ability  of  this  technique  to 
accurately  measure  very  small  cross  sections.  Our  results  exhibit  two 
distinct  peaks  and  a  rise  In  o  toward  the  shortest  wavelengths.  Ve  do  not 
observe  any  dissociation  at  energies  below  '100  kcal  mole"^  (285  nm) ,  which 
Is  consistent  with  the  currently  accepted  value  for  the  bond  strength  of  98 ±2 
kcal  mole’^.^»^^ 

As  seen  In  Figure  2,  the  error  bars  for  most  points  are  less  than  20Z, 
except  (unfortunately)  at  the  center  of  the  large  peak  at  234  nm.  This  point 
and  the  next  two  higher  wavelength  points  were  taken  using  very  weak 
Raman-shifted  lines  (the  latter  two  being  combinations  of  Stokes  and 
antl-Stokes  lines), so  that  there  Is  a  greater  uncertainty  In  the  absolute 
height  of  this  peak  as  compared  with  the  longer  wavelength  peak.  For  most 
points,  the  source  of  the  error  bars  lies  In  the  absolute  UV  power  measurement 
and  not  In  the  determination  of  the  ratio  of  [Na]p/[Na]o. 
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Table  1  Measured  Photodissociation  Cross  Sections  for  NaCl 


Wavelength 

(nm) 

Exc  Inter 
Gas 

Ranan*'Shif  ted 
Line® 

Number  of 
Measurements 

Avg.  Cross  8ectlon^ 
(cm^) 

189.7 

KrF 

ASgCHj) 

2 

6.1211.44  (-18) 

193.4 

ArF 

- 

4 

5.5611.06  (-18) 

203.1 

KrF 

ASaCDj) 

1 

1.4811.40  (-18) 

205.3 

ArF 

S;  (D2 ) 

1 

9.0611.48  (-19) 

205.9 

KrF 

AS2(H2) 

2 

8.9610.60  (-19) 

210.3 

ArF 

81(82) 

2 

7.3610.59  (-19) 

216.3 

KrF 

AS2(D2) 

1 

1.5110.67  (-18) 

218.7 

ArF 

82(02) 

2 

4.6311.76  (-19) 

225.2 

KrF 

A8i(H2) 

4 

1.4610.08  (-18) 

230.4 

ArF 

82(82) 

3 

5.1210.40  (-18) 

231.2 

KrF 

ASi(D2) 

2 

9.4710.80  (-18) 

234.0 

ArF 

83(02) 

2 

1.3010.30  (-17) 

237.6 

KrF 

Si(82)+AS2(D2)‘^ 

2 

6.3811.31  (-18) 

241.4 

KrF 

A8i(82)+8i(D2)‘^ 

2 

6.7410.72  (-18) 

248.4 

KrF 

- 

7 

1.2910.05  (-18) 

251.6 

ArF 

84(02) 

1 

2.5111.19  (-18) 

254.8 

ArF 

83(82) 

3 

4.2410.41  (-18) 

260.2 

KrF 

A8i(B2)+82(D2)« 

1 

4.3310.50  (-18) 

268.3 

KrF 

81(02) 

4 

1.7410.23  (-18) 

277.0 

KrF 

81(82) 

6 

4.0010.47  (-19) 

285.0 

ArF 

84(82) 

2 

0  11.8  (-19) 

291.8 

KrF 

82(02) 

2 

8  11  (-21) 

313.0 

KrF 

82(82) 

2 

0  ±8  (-21) 

319.6 

KrF 

83(02) 

1 

0  19  (-21) 

359.8 

KrF 

83(82) 

1 

2.7  13.1  (-21) 

a  Designation  of  Stokes  or  antl-Stokes  line  with  gas  used  In  the  Raman-shlft 
cell  In  parentheses.  Gas  cell  pressures  were  125  pslg  for  H2  and  250  pslg 
for  D2  • 

b  Exponent  In  parentheses;  error  Is  one  standard  deviation  uncertainty  In 
precision. 

c  These  are  conbinatlon  Raotan'-shif t  lines  In  a  25Z  H2:75Z  D2  mixture  at  250 
pslg  total  pressure. 
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DISCUSSION 


The  results  presented  in  this  work  are  in  qualitative  agreement  with  the 
earlier  work  of  Davidovlts  and  Brodhead.*^  However,  there  are  two  significant 
differences:  the  resolution  of  the  absorption  peaks  and  the  absolute 
magnitude  of  the  cross  sections.  Gaseous  alkali  halides  in  the  earlier  work 
were  produced  in  a  heated  reservoir  and  effused  Into  a  slightly  warmer  quartz 
absorption  cell.  For  NaCl,  cell  temperatures  were  in  the  range  of 
1123-1223  K.  At  these  temperatures,  the  first  five  vibrational  levels  account 
for  over  901  of  the  population.  One  might  expect  broad  absorption  features 
since  each  excited  vibrational  state  will  dissociate  over  a  different  range  of 
energies  than  for  the  ground  vibrational  state.  In  this  work,  NaCl 
Is  equilibrated  with  the  flow  carrier  gas  at  300  K,  primarily  populating  only 
the  ground  and  first  excited  vibrational  states  (83Z  and  142,  respectively), 
so  that  narrower  peaks  are  not  surprising. 

The  absolute  magnitudes  of  the  integrated  cross  sections  for  the  data 
above  220  nm  (see  following  discussion)  calculated  from  the  two  sets  of  data 
pose  a  greater  problem  in  that  they  dlft^r  by  a  factor  of  six.  The  quoted 
error  bars  on  both  experiments  do  not  account  for  this  discrepancy  and  one 
suspects  that  either  or  both  experiments  contain  systematic  errors.  One 
possible  explanation  is  the  presence  of  NaCl  dimers  in  the  high  temperature 
experiments.  Davidovlts  and  Brodhead  determined  their  absorption  cross 
sections  assuming  that  NaCl  monomer,  calculated  from  tabulated  vapor  pressure 
curves,  was  the  sole  absorber  In  their  cell.  They  also  estimated  the  fraction 
of  (NaCl)2  in  their  experiments  to  be  402-60%.  If  these  absorbed  light  to 
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form  either  Na  '>■  HaCl2  or  2HaCl,  the  overall  number  density  of  absorbers  would 
be  larger  and  the  reported  cross  section  values  lower. 

Ho  dimers  are  present  In  our  experiments.  Sodium  chloride  Is  formed 
chemical  reaction  In  a  flowing  carrier  gas  and  there  are  Insufficient 
collisions  for  dimerization  to  occur  via  termolecular  recombination.  Lamb  and 
Benson  have  calculated  the  rate  constant  for 

2NaCl  +  M  ♦  (NaCl)2+  M  (10) 

to  be  k  «  cm^  molecule*^  at  230  K.  Assuming  this  value  to  be 

approximately  the  same  at  300  K,  less  than  .002  of  the  nascent  HaCl  dimerizes 
over  the  path  between  where  It  is  formed  and  the  photolysis  volume. 

Absorption  In  the  ultraviolet  has  been  observed  for  dimeric  species  such 
as  (N0)2  and  (H20)2«^^^^  These  absorptions  occur  In  the  same  spectral  region 
as  absorptions  of  the  monomer  and,  at  least  In  the  case  for  (N0)2f  exhibits  a 
large  oscillator  strength. This  suggests  that  It  Is  possible  for  even  a 
weakly  bound  dimer  to  exhibit  a  strong  UV  absorption  cross  section.  On  the 
other  hand,  Su  and  Riley  did  not  observe  any  anomalous  fea^ure8  In  their 
tlme~of-fllght  recoil  distributions  of  alkali  halides,  photodlssoclated  at  266 
nm,  which  suggest  the  presence  of  diners. Oppenhelmer  and  Berry  did  not 
observe  any  features  attributable  to  dimers  for  matrix  Isolation  measurements 
of  Lll,  NaBr,  and  Hal,  where  dimers  would  be  expected  to  be  present. For 
NaCl,  KI,  RbBr,  and  LlBr,  no  absorption  bands  attributable  to  any  species  were 


observed 


The  only  other  comparable  alkali  halide  cross  section  measurement  at  room 
temperature  Is  that  for  Csl  by  Grossman  et  al.^  The  results  are  consistent 
with  our  measurements  for  NaCl.  The  spectral  width  for  this  transition 

(in  Hund's  case  c  notation)  is  narrower  and  the  Integrated  cross  section  is  a 
factor  of  two  smaller  than  that  reported  by  Davidovits  and  Brodhead.*^ 
Furthermore,  cesium  iodide  dimers  are  not  expected  to  be  present  in  either 
experiment. 

Cross  Section  Calculations 

The  ionic  ground  electronic  state  for  the  lighter  alkali  halides  is 
designated  X^r^(Hund's  case  a),  and  correlates  to  separated  -f  X"  ions. 
Excited  molecular  states  correlating  with  neutral  atoms  M  -f  X  are  cova'^'-nt, 
and  for  Na(^S)  *  Cl(^Pj),  are  represented  by  Hund's  case  c  angular  momentum 
coupling  as  n  ■  and  2.'*^®  Only  (parallel)  and 

(perpendicular)  transitions  are  allowed.  The  potential  curve  for  the  ground 
electronic  state  of  these  molecules  is  fairly  well  represented  by  a  modified 
Rlttner  potential,  reproducing  experimentally  measured  c '.ssociation  energies 
and  anharmonic  constants  with  reasonable  accuracy  (see  Figure  3).^^ 

The  first  few  electronic  excited  state  potentials  are  not  well 
characterized.  They  are  thought  to  be  either  repulsive  or  only  slightly 
bound. Zelrl  and  Ballnt-Kurti have  calculated  the  ground  and  first 
four  excited  electronic  state  potentials  and  associated  transition  dipole 
moments  f''r  •  group  of  alkali  halides  using  a  semi-emperlcal  valence-bond 
method,  while  excluding  the  effects  of  spin-orbit  coupling.  Ulthln  the 
framework  of  this  Hund's  case  a  approach,  they  find  that  the  excited  states 


are  all  fairly  repulsive  (see  Figure  3)  and  that  use  of  the  Franck-Condon 
approximation  Is  Invalid  here  as  the  transition  dipole  moments  vary 
considerably  with  Intemuclear  separation,  r.  Their  excited  state  curves  are 
labelled  In  (parallel)  and  (perpendicular)  notation. 

In  order  to  gain  a  clearer  understanding  of  our  results,  we  have 
calculated  NaCl  absorption  cross  section  cunres  over  the  wavelength  range 
180-300  nm  for  comparison  with  our  experimental  data.  We  use  the  reflection 
approximation^^  In  which  the  electronic  transition  moment  Is  calculated  using 
a  harmonic  oscillator  wavefunctlon  for  the  ground  electronic  state,  a 
5-functlon  for  the  upper  repulsive  state  wavefunctlon,  and  Zelrl's  transition 
dipole  moments  at  each  value  of  r.  At  300  K,  only  v"0  and  v"l  are  sampled,  so 
that  the  harmonic  oscillator  potential  accurately  represents  the  Rlttner  form 
(see  Insert  In  Figure  3).  Small  corrections  for  the  displacement  of  higher 
vibrational  levels  from  the  equilibrium  Intemuclear  separation  r,,  and  for 
the  effect  of  thermally-averaged  rotational  populations  on  the  absorption 
wavelengths  were  also  Included  In  this  calculation. 

Figure  4  compares  the  calculated  and  experimental  data.  In  all  cases, 
the  total  Integrated  cross  section  for  the  sum  of  the  A-X  and  B-X  transitions 
for  calculated  curves  have  been  normalized  to  that  of  the  experimental 
curves.  The  dotted  curve  In  Figure  4a  shows  absorption  curve  at  300  K 
calculated  from  the  potentials  of  Zlerl  and  Ballnt-Kurtl.  This  curve,  which 
does  not  match  the  experimental  data  (represented  by  the  solid  curve).  Is 
shifted  to  much  shorter  wavelengths  and  exhibits  one  broad  peak.  Transitions 
to  both  the  A^n  and  states  lie  under  this  peak.  Excitations  to  higher 
states  He  further  Into  the  ultraviolet. 
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To  better  reproduce  our  experimental  results,  we  varied  the  energies 
and  shapes  of  the  C^n,  and  states  In  a  narrow  region  of  ±0.25  A 

about  rg*  2.36  A.  This  range  corresponds  to  the  values  of  i  over  which  the 
square  of  the  lowest  five  vibrational  wavef unctions  are  Important.  For  v  0 
and  V  1,  only  the  region  ±.10  A  about  r^  contributes  to  a,  and  the  best 
fit  to  our  data  only  senses  this  range  of  r.  The  results  of  this  fit  to  our 
data  are  shown  as  the  dashed  curve  In  Figure  4a  and  results  from  lowering  all 
four  curves  and  flattening  the  A  and  B  states  In  the  region  about  r^  (Figure 
3).  These  new  curves  are  reasonable  In  light  of  the  approximations  made  by 
Zelrl  and  Ballnt-Kurtl.  They  state  that  no  valence-bond  structures 
corresponding  to  Rydberg  states  were  Included  In  their  calculations,  and  the 
Inclusion  of  these  states  would  have  made  their  calculated  repulsive  curves 
less  repulsive. 

The  peaks  at  235  nm  and  260  ran  In  Figure  4a  represent  the  B-X  (parallel) 
and  A-X  (perpendicular)  transitions,  respectively.  At  wavelengths  shorter 
than  220  nm,  the  C-X  (and  D-X)  transition  causes  the  cross  section  to  rise,  as 
observed  In  the  data.  Ue  do  not  observe  the  peak  absorption  for  this 
transition,  so  the  shape  and  position  of  the  C^n  data  Is  less  well  determined 
than  the  A  or  B  states.  Nevertheless,  the  fact  that  this  rise  la  seen  at  all 
near  200  ms  strongly  suggests  that  the  C^n  state  Is  bound,  lying  at  energies 
which  are  equal  to  or  slightly  lower  than  the  energy  of  Its  dissociation 
products,  Na(^P)  *  Cl(^Pj).  This  has  been  observed  for  this  state  In  other 
alkali  halides.^ 
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The  relative  heights  of  the  calculated  peaks  at  room  temperature  agree 
qualitatively  with  the  experimental  data  (normalized  to  total  integrated  cross 
section),  suggesting  that  Zeiri's  transition  dipole  moment  calculations  are 
approximately  correct.  Su  and  Riley  measured  the  ratio  of  the  parallel  to 
total  transition  moments  at  266  nm  for  a  series  of  alkali  halides  using  a 
molecular  beam  recoil  velocity  technique. They  find  that  the  amount  of 
parallel  character  drops  from  about  60Z  for  the  iodides  to  less  than  30Z  for 
alkali  chlorides.  This  ratio  for  NaCl  was  determined  to  be  0.16±0.02.^  At 
the  temperature  of  their  source  (1189  K),  we  calculate  a  ratio  of  0.28. 

Using  the  potentials  which  were  fit  to  our  room  temperature  data,  we 
computed  the  absorption  spectrum  at  1123  K  for  comparison  with  the  experiments 
of  Davidovits  and  Brodhead.**  Despite  the  limitations  of  the  calculation  (and 
uncertainties  in  extending  them  to  high  temperatures),  we  see  in  Figure  6b 
that  the  agreement  is  remarkably  good.  The  higher  degree  of  structure  in  our 
calculations  than  were  observed  by  Davidovits  can  be  explained  as  arising  from 
regions  of  r  outside  of  r^i.lO  A,  so  that  small  changes  in  the  shapes  of  the 
potentials  there  would  shift  the  absorption  wavelengths  and  peak  shapes  for 
the  excited  vibrational  states.  Slightly  steeper  curves  for  r<2.2  A  would 
tesd  to  broaden  the  absorption  peaks  for  the  higher  vibrational  states  and 
lead  to  a  smoother  overall  absorption  curve. 

In  comparing  the  calculated  ratio  of  the  parallel  to  perpendicular 
transition  probabilities  to  those  observed  by  Davidovits  and  Brodhead,  Su  and 
Riley, ^  and  ourselves,  this  ratio  is  systematically  high.  This  suggests  that 
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the  B-X  dipole  transition  moments  of  Zieri  and  Balint-Kurti are  too  large 
relative  to  those  of  the  A-X  transition. 

In  conclusion,  photodissociation  cross  section  measurements  of  NaCl  at 
300  R  have  resolved  the  A-X  and  B-X  electronic  transitions.  From  these 
spectra,  more  accurate  potential  curves  for  the  A^II  and  B^r**  electronic  states 
have  been  derived  in  the  region  about  the  equilibrium  intemuclear  distance  of 
the  NaCl  ground  state.  The  shape  of  the  photodissociation  spectrum  is 
consistent  with  the  photoabsorption  spectrum  of  Davidovits  and  Brodhead,*^ 
measured  at  1123  K.  However,  the  absolute  magnitude  of  the  integrated  cross 
section  in  this  work  is  about  six  times  smaller  than  that  of  Davidovits.  The 
most  likely  explanation  is  that  the  presence  of  dimers  in  the  high  temperature 
studies  contributed  to  the  observed  absorption. 

Stratospheric  Photolysis  of  NaCl 

The  photolysis  of  NaCl  is  crucial  in  determining  the  extent  to  which 
alkali  metals  of  meteoric  origin  affect  the  ozone  balance  in  the  upper 
stratosphere. Convoluting  the  measured  total  solar  flux  at  40  km 
(including  albedo  and  scattering) over  our  measured  cross  sections  between 
180  and  300  nm,  we  obtain  a  total  photolysis  cate  J  of  1.9±0.8  x  lO***^  s*^. 
Based  on  our  calculations  for  cross  sections,  the  curve  at  stratospheric 
temperatures  ('260  K)  is  nearly  the  sane  as  our  300  K  results.  This  number 
is  a  factor  of  ten  smaller  than  that  estimated  by  Rowland  and  Rogers using 
the  high  temperature  data  of  Davidovits  and  Brodhead.**  The  difference  is  due 
to  two  factors.  First,  the  solar  flux  has  a  local  minimum  near  250  nm  and 
falls  off  rapidly  below  200  nm,  offsetting  much  of  the  contributions  of  our 
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peaks  near  19U,  and  235  nm  (Figure  5).  Second,  the  rapid  rlc<e  fn  che  solar 
flux  above  270  nm  overemphasizes  excited  vibrational  state  contributions  to 
the  cross  section,  which  are  absent  at  40  km  altitude  (260  K). 

Using  J  *  1.9  X  10*^  s~^  and  the  measured  rate  constants  for  reactions 
1  “  3,18-20  j,g^g  gj  which  free  chlorine  Is  released  from  HCl  at  40  km  Is 
*  10~^  s~^  ,  where  the  photolysis  of  NaCl  Is  the  rate  limiting  step.  This 
calculation  assumes  a  total  gas  phase  alkali  concentration  of  5  x  10^  cm'^.^** 
For  comparison,  the  release  rate  of  Cl  for  HCl  by  OH  (l.e.  kg  •  [OH])  Is 
6.7  X  10“®  ,  based  on  an  OH  concentration  of  10^  cm“^  and  the  value 

kg  (260  K)  ■  6.7  X  10“^^  cm^  s“^  Thus  we  conclude  that,  depending  on  the 
altitude  at  which  heterogeneous  and  homogenous  removal  processes  of 
atmospheric  alkali  compounds  dominate  gas  phase  chemistry,  meteoric  alkali 
chemistry  could  be  an  additional  and  Important  source  of  free  chlorine  In  the 
upper  stratosphere.  We  are  presently  Investigating  the  magnitudes  of 
processes  through  which  atmospheric  alkali  compounds  might  be  removed  from  the 
gas  phase. 
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nCURE  CAPTIONS 


1.  Schematic  of  the  experimental  apparatue  for  photodlaaoclatlon  of  NaCl. 
Components  are  Identified  as  follows:  M  ••  mirror;  Al,  A2,  and  A3  * 
apertures;  FI  ••  BK**?  window  acting  as  a  UV  absorbing  filter;  F2  ••  590  nm 
Interference  filter;  LI  and  L2  >  lenses;  B  *  Quartz  slide  acting  as  a 
beamsplitter;  D  •  fast  UV  photodiode  detector. 

2.  Plot  of  experimental  data  versus  wavelength  of  photodlssoclatlon  cross 
sections  for  NaCl  at  300  K.  Error  bars  represent  one  standard 
deviation.  A  dashed  curve  Is  drawn  through  the  points  to  highlight  the 
shape  of  the  data. 

3.  Potential  curves  used  In  the  calculation  of  NaCl  photodlssoclatlon  cross 
sections.  Dashed  lines  sre  the  calculated  curves  of  Zelrl  and 
Ballnt-Kurtl.  Solid  lines  (for  A^H,  B^F^  and  C^n)  are  derived  es 
discussed  In  the  text.  The  Insert  shows  the  lowest  pert  of  the 
potential,  and  Illustrates  how  the  harmonic  oscillator  approximation 
(solid  curve)  comperes  with  the  Rittner  potential  (dashed  curve) for 
the  lower  vibrational  levels. 

4.  Plots  of  experimental  data  versus  calculated  cross  section  curves,  e) 
300  K  data  using  representative  experimental  curve  from  Figure  1.  b) 
1123  K  data  of  Davldovlts  and  Brodhead.**  The  computed  curves  have  been 
normalized  to  have  equal  total  integrated  cross  sections  above  220  nm 
(sum  of  the  A-X  and  B-X  trensltlons). 

5.  Plot  of  the  calculated  photolysis  rate  of  NaCl  as  a  function  of 
wavelength  at  40  km  altitude. 


6-24 


OPTICAL  LAYOUT  FOR  MEASUREMENT  OF 
PHOTODISSOCIATION  CROSS  SECTIONS 
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7.  RATE  CONSTANT  FOR  THE  REACTION  OF  NaOH  WITH  CO  2 


7,1  Introduction 

In  addition  to  the  chemical  oxidation  reactions  of  sodium  involving 
oxyhydrogenic  species,  Murad  et  al.^  suggested  that  reactions  with  CO2  might 
also  be  important  in  both  the  mesosphere  and  upper  stratosphere.  At  higher 
altitudes,  the  reaction 

NaOH  +  CO2  +  M  ♦  NaHCOj  +  M  (1) 

O  3 

may  serve  as  an  additional  sink  for  sodium.  With  CO2  abundances  of  >10  cm 
at  100  km  and  increasing  at  lower  altitudes,  this  reaction  could  control  the 
fate  of  Na  even  if  k^  were  small.  Near  40  km,  the  reaction 

NaHCOj  +  HCl  ♦  NaCl  +  H2COJ  (2) 

might  augment  or  supplant  the  NaO,  Na02i  and  NaOH  reactions  with  HCl  as 
sources  for  NaCl  is  the  catalytic  Cl  release  mechanism. 

The  goal  of  this  task  was  to  measure  a  room  temperature  rate  constant  for 
reaction  1  at  a  pressure  of  a  few  torr  to  estimate  the  importance  of  CO2  in 
the  chemistry  of  atmospheric  sodium.  Detection  of  NaOH  in  these  experiments 
was  to  be  accomplished  using  infrared  diode  laser  absorption  of  the 
transition  (Na-OH  stretch  vibrational  mode).  Within  the  constraints  of  time 
and  resources  allocated  for  this  task,  we  were  unable  to  locate  the  mode 
and  were  therefore  unable  to  perform  the  rate  measurements.  A  brief 
description  of  the  steps  taken  in  performing  these  measurements  follows. 


7.2  Formation  of  Gas  Phase  Sodium  Hydroxide 


Gas  phase  sodium  hydroxide  is  produced  at  room  temperature  In  a 
conventional  flow  tube  by  two  different  reaction  sequences.  The  direct  method 
Involves  the  addition  of  hydrogen  peroxide  to  atomic  sodium, 


Ns  +  H2O2  ♦  NaOH  +  OH 


(3a) 


♦  NaO  +  H2O 


(3b) 


This  reaction  has  been  studied  previously^  and  It  has  been  shown  that 
^3a/^3a'*'^3b  *  ratio  can  be  raised  to  unity  upon  the  addition 

of  excess  00,  which  reacts  only  with  sodium  monoxide  and  creates  a  chain 
reaction  sequence  resulting  In  the  eventual  conversion  of  all  of  the  sodium  to 
NaOH: 

NaO  +  00  ♦  Na  +  00^  (4) 

The  second  NaOH  production  method  Is  a  two-step  conversion  of  atomic 
sodium  using  N2O  and  H2: 

Na  +  NjO  +  NaO  +  Nj  (5) 


NaO  +  H2  ♦  NaOH  +  H 


(6a) 


Na  +  H2O 


(6b) 


In  excess  N2O  and  H21  reactions  5  and  6  cycle  until  NaOH  Is  the  sole  product. 
The  value  of  ks  •  8  x  10**^^  ca~^  molecule'^  s'*  was  measured  by  us  and  Is 
discussed  In  Section  3  of  this  report.  Ager  and  Howard  report  the 
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ksa  ■  2,6  X  10“^^  cm^  molecule”^  s"^  and  ksjj"  1  x  10”^^  cm^  molecule”^ 

In  all  cases  atomic  sodium  concentrations  were  monitored  using  laser 
Induced  fluorescence.  Although  this  method  does  not  produce  a  signal  linear 
to  the  sodium  concentration  at  values  of  [Ma]  >  10^^  cm'*^.  It  can  be  used  to 
show  when  all  of  the  Na  has  been  chemically  removed  (our  sensitivity  to  sodium 
In  these  experiments  Is  estimated  at  10^  cm'^).  Absolute  determination  of  the 
sodium  concentration  In  our  detection  zone  was  accomplished  by  titration  with 
known  amount'  of  CI2,  In  these  experiments,  [Na]  was  varied  from  *10^^  '■ 

3  X  10^**  atoms  an^.  Although  we  did  not  detect  NaOH  directly,  we  still 
believe  that  It  was  produced  In  concentrations  equivalent  to  the  [Na]  In  the 
system.  Besides  observing  the  loss  of  Na  upon  addition  of  H2O2  or  N2O,  we 
also  could  observe,  for  the  first  NaOH  production  method,  changes  In  Infrared 
H2O2  absorptions  which  approximately  correspond  to  the  magnitude  of  the  Na 
concentration  changes.  Furthermore,  past  experience  has  shown  that  upon 
addition  of  H2O2  to  Na,  OH  appears^  (seen  via  laser  Induced  fluorescence), 
presumably  as  the  product  of  reaction  3a. 

7,3  Detection  of  NaOH 

Tie  methods  and  techniques  for  measuring  Infrared  absorption  of  gaseous 
species  with  tunable  diode  lasers  has  been  well  described  elsewhere.'*''^  This 
method  was  chosen  for  the  detection  of  NaOH  since  It  Is  expected  to  be  fairly 
sensitive,  given  the  expected  large  dipole  moments  of  alkali  compounds. No 
viable  visible  or  ultraviolet  optical  detection  techniques  have  been 
demons trated. 

The  Infrared  absorption  spectrum  of  NaOH  Is  not  well  known.  Sodium 
hydroxide  Is  a  linear  molecule, and  has  three  Infrared  active  vibrational 
modes  '■  a  low  frequency  bend,  an  Na-OH  stretch,  and  an  0-4)  stretch. 

Observation  of  the  latter  two  modes  of  NaOH  or  polymeric  forms  of  NaOH  have 
been  reported.  Splnar  and  Margrave^ ^  heated  powdered  NaOH  In  an  absorption 
cell  to  850  -  1000  degrees  (Celsius?)  and  using  a  broadband  source  of  light. 
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observed  a  feature  centered  at  437  ±  10  which  they  attributed  to 

[NaOHlx*  Acquis ta  and  Abramowltz^^  made  broadband  absorption  measurements 
of  NaOH  and  NaOD  on  an  argon  matrix  and  reported  seeing  a  number  of  bands 
between  200  and  600  cm"^.  Their  source  of  NaOH  was  a  Knudsen  cell  with  a 
double  boiler  arrangement  which  they  felt  could  help  distinguish  between 
monomer  and  polymer  bands  by  changing  the  oven  temperatures.  Large  Isomer 
shifts  led  to  the  assignment  of  337  ±  1  cm~^  as  the  V2  mode.  Certain  changes 
In  Intensity  of  the  431  ±  1  cm~l  band  relative  to  the  other  bands  led  them  to 
tentatively  assign  this  feature  to  the  band  of  NaOH.  However,  they 
observed  but  did  not  assign  strong  absorptions  at  400,  360,  285,  and  273 
an~^.  Although  the  assignments  for  Vj  in  these  two  experiments  agree  fairly 
well.  It  must  be  noted  that  the  frequencies  obtained  In  matrix  Isolation 
studies  are  lower  than  the  corresponding  frequencies  found  In  the  gas  phase. 

In  fact,  alkali  metal  compounds  may  exhibit  the  largest  differences.  The 
alkali  halides  show  gas  phase  frequencies  which  arc  6-9Z  higher  than  the 
corresponding  argon  matrix  value.  If  one  models  the  OH  ligand  as  a  fluorine 
atom,  then  we  might  expect  a  frequency  shift  similar  to  that  of  NaF,  l.e.  72, 
or  an  expected  value  of  *460  cm"^  based  on  the  assignment  of  Acquis ta  and 
Abramowltz.^^ 

Another  approach  for  estimating  the  location  of  Is  to  compare  the  gas 
phase  frequencies  of  other  alkali  i^droxldes  and  fluorides.  For  Rb,  the 
difference  Is  7  cm"^  and  for  K,  15  For  NaF  vj  ■  529.2  cm*^,^^  so 

that  one  might  expect  a  band  center  In  the  480  -  500  cm”^  region. 

Finally,  theoretical  calculations  for  NaOH  have  been  performed  by  Long, 
et  al.,^  using  a  basis  with  HP3  and  CID  electronic  correlation.  The 

frequencies  determined  were  V3  ■  3628  cm~^  In  agreement  with  predictions  of 
Kuljpers  et  al.,^*^  V2  ■  322  cn'~^  In  good  agreement  with  Acquis  ta  and 
Abramowltz^^  (although  one  might  have  expected  a  gas  phase  prediction  somewhat 
higher  than  the  matrix  measurement),  and  ■  710  cm”^.  This  last  prediction 
appears  high.  However,  It  Is  unclear  from  the  experiments whether  or  not 
any  unasslgncd  absorptions  were  seen  In  this  spectral  region. 


7-4 


7.4  Results 


Using  second-derivative  techniques,  infrared  absorption  spectra  were 
taken  at  376,  378,  407. S,  424,  448,  477  and  497  ca”^.  Each  scan  covered  a 
range  of  at  least  twice  that  of  the  KaOH  rotational  constant,  in  order  to 
assure  the  observation  of  a  rotational  line.  All  measurements  were  performed 
using  the  same  diode  laser,  and  detection  of  the  laser  beam  was  made  using  a 
liquid  nitrogen-cooled  Hg:Cd:Te  detector  which  was  selected  for  peak  response 
near  25  ym.  A  typical  spectrum  is  shown  in  Figure  7.1.  In  most  of  the  data, 
etalons  within  the  White  cell  limited  the  measurable  fractional  absorption 
limit  to  about  II.  At  the  lowest  frequencies,  both  laser  power  and  detector 
response  drop,  so  that  the  detection  limit  was  only  a  few  percent  absorption. 
Even  with  these  poor  sensitivities,  with  estimated  concentrations  of  NaOH 
greater  than  10^^  cn~^,  we  would  expect^^  fractional  absorptions  greater  than 
one  percent  and  in  moat  of  the  cases  studied  greater  than  ten  percent. 

No  absorption  feature  attributable  to  NaOH  was  observed  at  any  of  the 
frequencies  studied.  The  diode/ detection  system  was  working,  as  evidenced  by 
observation  of  H2O2  absorptions  as  well  as  known  absorptions  of  CS2»  which  was 
added  to  the  flow  for  wavelength  calibration  purposes. 

In  order  to  assure  ourselves  that  the  IR  diode  absorption  system  could 
detect  alkali  species,  we  looked  for  absorption  lines  of  KF,  made  by  reacting 
R  with  excess  F2.  Its  vibrational  spectrum  (actually  the  first  overtone 
spectrum)  has  been  measured  with  s  diode  laser, so  that  the  band  center  is 
sccurately  known.  The  rotational  lines  were  observed  at  approximately  407.8, 
430,  and  431.4  cm~^.  Based  on  the  measured  concentration  of  potassium  and  the 
observed  amount  of  absorption,  we  conclude  that  if  rotational  lines  of  NaOH 
are  to  be  seen  with  the  present  system,  they  will  appear  using  more  intense 
las^r  modes,  due  to  the  problems  of  large  internal  elatons  and  aystem  noiae. 

A  more  thorough  search  using  a  number  of  diodes  (to  assure  complete  wavelength 
coverage  at  reasonable  intensity)  should  be  able  to  detect  NaOH  at  levels 
useable  for  simple  kinetic  measurements. 
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The  lack  of  an  observed  NaOH  absorption  feature  leads  us  to  the 
conclusion  that  the  previously  detected  bands  near  430-4A0  cm”^  do  not  belong 
to  mononeric  NaOH  or  that  we  happened  to  look  exactly  at  band  center,  where 
the  spacing  between  the  P(l)  and  R(0)  lines  would  exceed  the  spectral  range  of 
the  scan  at  that  diode  frequency*  It  is  clear  that  this  problem  needs  further 
investigation. 
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Na  +  H 

2  2 


Figure  7.1  Typical  Second-Derivative  Absorption  Spectrum  for 

Na+HjOj.  Upper  curve  is  with  both  reactants  present. 
Lover  curve  is  with  the  sodium  oven  turned  off. 
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8.  DISCUSSION  AND  SUMMARY  RESULTS 


From  the  work  presented  In  the  preceding  sections.  It  Is  clear  that  a 
great  deal  of  progress  has  been  made  In  the  past  five  years  In  both 
recognizing  and  then  understanding  the  role  which  sodium  compounds  of  meteoric 
origin  play  In  atmospheric  chemistry.  A  list  of  the  reactions  of  sodium 
compounds  rate  constants  measured  during  this  period  Is  shown  In  Table  8-1. 

We  now  believe  that  the  observed  mesospheric  atomic  sodium  profile  can  be 
explained,  and  Its  diurnal  and  seasonal  variations  understood.  A 

schematic  diagram  which  Illustrates  the  evolution  of  sodium  from  the  time  It 
enters  the  lower  thermosphere  to  Its  removal  from  the  stratosphere  Is  shown  In 
Figure  8.1. 

Ue  see  that  as  the  ablated  sodium  metal  In  Its  neutral  form  descends 
below  *100  km.  It  begins  to  react  wltii  ozone  and  molecular  oxygen.  The 
latter  reaction  dominates  below  85  km  as  the  O2  concentration  and  total 
atmospheric  pressure  Increase.  Sodium  monoxide  reacts  at  these  altitudes  with 
atomic  oxygen  to  produce  electronically  excited  sodium  atoms,  which  emit  the 
familiar  D-llne  radiation  at  590  and  596  nm. 

As  atomic  sodium  disappears  below  80  km.  It  Is  converted  through  the 
above  mechanisms  to  NaO  and  Na02.  The  NaO  rapidly  reacts  with  any  traces  of 
water  vapor  to  produce  NaOH.  At  these  altltud^ns,  photolysis  will  recycle 
these  species  to  atomic  sodium,  resulting  In  s  steady  state  mixture  of  mostly 
Na02  and  NaOH,  with  little  NaO  and  virtually  no  atomic  sodium.  The  question 
of  which  of  the  first  two  compounds  dominates  will  depend  on  how  rapidly  Na02 
Is  converted  to  NaO  (sec  Figure  8.1)  relative  to  Its  photodlssoclatlon  rate. 
These  reaction  rate  constants  and  photolysis  rates  have  not  yet  been  measured. 

Once  the  alkali  end  products  of  the  mesospheric  chemistry  reach  the  upper 
stratosphere,  reactions  with  chlorinated  compounds,  most  notably  HCl,  becoM 
Important.  Photolysis  of  NaCl  will  cause  atonic  chlorine  to  be  released. 
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Tabl«  8-1  Recent  Experimental  Rate  Constants  of  Gas-Phase  Sodium  Compounds 


Reaction 

T(K) 

k(cn^  molacula”'  s"^) 

Reference 

Na  +  O2  +  M  ♦  Na02+  M 

320-698 

(1.9±0.4)xl0“^°  (T/300r^*  ‘*°*5(a) 

Silver,  et  al.^ 

(M  -  N2) 

571-1016 

(1.11±0.08)x10"2^  T  (^•'*’±°*‘'*)(a) 

Husain,  et  al.^ 

1650-2400 

2xlO“^®T“ka) 

Hynes,  at  al.^ 

Na  +  O3  ♦  NaO  +  O2 

293 

(3.01±0.4)xl0-^° 

Silver,  Kolb'* 

290 

(7±2)xl0“'° 

Agar,  Howard^ 

500 

4(±4,-2)xl0“^° 

Husain,  at  al.^ 

Na  +  N2O  ♦  NaO  N2 

295 

(7.7±0.9)xl0“^^ 

Silver,  Kolb** 

290 

(8.2±1.5)xl0"^^ 

Agar,  Houard^ 

349-917 

(1.9±0.3)xl0-^° 

Husain,  Marshall^ 

exp  (-12.5±0.6  kJ/aole/RT) 

Na  +  CI2  ♦  NaCl  +  Cl 

294 

(6.7±0.9)xl0"^° 

Silver® 

284-305 

(1.08±0.2)xl0“’* 

Talcott,  et  al.® 

Na  -t-  H2O2  «  NaOH  +  OH 

308 

4.1x10“^^ 

Silver,  et  al.‘° 

♦  NaO  +  H2O 

308 

2.8x10“^^ 

Silver,  et  al.^° 

NaO  +  O3  ♦  Na02*K)2 

293 

-1.5xl0"^° 

Silver,  KolbJ 

290 

1.8x10’^° 

Ager,  Howard® 

♦  Na  +  2O2 

293 

-5x10"^^ 

Silver,  Kolb** 

290 

1x10"^° 

Agar,  Howard® 

NaO  -1-  H2O  ♦  NaOH  m 

290 

(2±l)xl0*'° 

Agar,  Howard® 

NaO  HCl  «  NaCl  OH 

308 

2. 8x10"^° 

Silver,  at  al. 

NaO  H  ♦  Na  +  OH 

308 

>4x10" 

Silver,  et  al.^® 

Na02  +  HCl  ♦  NaCl  +  HO2 

295 

(2.3±04)xl0*^° 

Silver,  Kolb** 

NaOH  HCl  «  NaCl  H2O 

295 

(2.8i0.9)xl0”^° 

Silver,  et  al.‘° 

NaOH  +  H  ♦  Na  +  H2O 

295 

>4x10"^^ 

Silver,  at  alJ® 

NaCl  +  H  ♦  Na  +  HCl 

308 

5xl0"<^‘**^) 

Silver,  at  al.‘° 

NaCl  +  hv  ♦  Na  +  Cl 

300 

at  235  na 

Silver,  at  al.^‘ 

(a)  rate  constant  In  units  of  cm^  r'^leculc''^  s*^ 
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creating  an  additional  source  for  chlorine  catalyzed  destruction  of 
stratospheric  ozone. 

The  Importance  of  sodium  catalyzed  chlorine  release  relative  to  that 
caused  by  the  reaction  of  OH  with  HCl  remains  to  be  determined.  If  only  these 
gas  phase  processes  are  considered,  this  process  might  well  Increase  the 
previously  recognized  chlorine  release  rate  by  as  much  as  30  percent. 

However,  one  must  consider  both  homogeneous  and  heterogeneous  loss  processes 
for  these  atmospheric  metal  species.  The  most  likely  pathways  for  losses  are 
condensation  onto  atmospheric  dust,  smoke,  water  droplets  or  other  aerosols. 

No  experimental  data  quantifying  the  magnitude  of  these  effects  exist,  and 
simple  estimates  of  the  effectiveness  of  alkali  loss  range  from  no  removal  to 
total  removal,  depending  on  one's  choice  of  parameters.  Because  of  the 
potential  Importance  on  stratoapherlc  ozone,  we  believe  that  In  situ 
measurements  of  the  stratospheric  gas  phase  alkali  content  are  required. 

Finally,  we  would  like  to  point  out  that  sodium  comprises  only  a  few 
percent  of  meteoric  metals,  and  that  the  effects  of  the  more  abundant  species 
on  atmospheric  chemistry  should  be  Investigated.  This  Is  especially  true  for 
Iron  and  silicon.  The  former  Is  expected  to  exhibit  a  fair  bit  of  reactivity 
with  atmospheric  constituents.  Although  silicon  oxides  are  fairly  stable, 
their  reactions  with  halogen  compounds  are  only  beginning  to  be  understood  and 
this  area  should  be  studied  more  thoroughly. 
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